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PODCAST NEWS 

Lake Myvatn in northern Iceland is popular with 
tourists seeking subarctic scenery and wildlife, 
Itis also a remarkable exampleof an ecosystem 
dominated by one species —the midges featured 
‘on this week's cover and discussed in the podcast. 
Luckily for the tourists, these midgesdon't bite, 
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THe Laer 


THREES COMPANY LISA, the Laser 
Interferometer Space Antenna, is one of 
the most ambitious space missions ever 
mounted. A joint effort between NASA 
andESA, its job will be to measure the so- 
far invisible gravitational waves predicted 
by Einstein's general theory ofrelativity. 
Infact there are three ‘LISAs’, designed 
totravel 5 millionkilometres apart at the 
corners of a giant equilateral triangle. 
Trudy Bell reports on the pre-launch 
preparations. [News Feature p.18] 


ESA's Pathfinder, atry-out for LISA 


‘SPRING BOOK In The Hot Topic, science 
writer Gabrielle Walker and former UK 
government science adviser Sir David 
King outline the scientific ‘party line” 
‘onthe causes of climate change. And, 
says our reviewer David Reay, when 
turning tothe solutions and politicsof 
climate change, the bookreally shows its 
pedigree, Here it earns its subtitle — How 
to Tackle Global Warming and Still Keep the 
Lights On. Climate change, says Reay, has 
found its Silent Spring. [Books & Arts p. 31] 


AIMING HIGH New York University’s 
newly created Institute for the Study of 
the Ancient World (ISAW) intends to 
become a world-class archaeological 
institute, and has had $220 million to 
spend in pursuit of that goal. But some 


> 
s 


New Yorker: the Greek god Pan, now in Fifth Avenue. 


in the archaeological establishment are 
notas excited at the prospect as you 
would expect, voicing concerns about the 
involvement of ISAW's principal patron 
with the worldmarketin antiquities. Rex 
Dalton reports. [Neus Feature p.22] 


Turning the tide in Florida 


The ‘ted tides’ or algal blooms cause by rapid 
accumulation of algae in surface waters are 
potentially hazardous. Florida red tides in 
particular are associated with the neurotoxin 
brevetoxin, produced by the marine algae 
Karenia brevis, which can be fatal to fish, 
birds and marine mammals. Bathers finding 
themselves in a red tide can suffer skin irrita- 
tion and other reactions. Despite extensive 
monitoring there is still much to be learned 


Red alert: an algal bloom washes ashore 


about the origins and growth of red tides. As 
Mark Schrope reports, Florida's new Center 
for Prediction of Red Tides plans to raise the 
profile of red tide research and to improve 
forecasting accuracy. [NewsFeature p. 24] 


DNA changestack 


‘Two papers in this issue report cycles of DNA 
methylation and demethylation of CpG 
dinucleotides at gene promoters. The findings 
contrast sharply with the prevailing view of 
DNA methylation as a stable epigenetic ‘mark’ 
capable of transmitting a specific pattern of 
gene expression through mitosis and into 

the daughter cells. Métivier et al. [Article p45) 


Iceland's Lake Myvatn ecosystemis remarkable 
inthatit isso dominated bya single species. 
Myvatn translates as'midge lake’ andit is the 
midge Tanytarsus gradlentus that dominates, 
‘comprising two-thirds of the lake's secondary 
productivity. Midge numbers undergo extreme 
fluctuations of almost six orders of magnitude with 
anirregular periodof 4 to 7 years. Anew analysis. 
‘of 25 years of population monitoring shows that 
this phenomenon canbe explained by alternative 
dynamical states with the amplitude of the 
fluctuations set by small subsidies of food entering, 
the habitat. Small decreases in food supply due to 
human disturbances could explain recent increases 
inmidge fluctuations. In conservation terms, midge 
populations areinherently unpredictable andare 
much more vulnerable to small disturbances in 
thelake than was expected. The Lake Myvatn 
midges illustrate the fundamental complexities 

of aturalecosystemsand the difficulties in 
managing them. The cover showsmating swarms 
of male midges waiting for females tojain them. 
[Letterp. 84; Author page; www.nature.com/podcast) 


observed DNA methylation/demethylation 
cycles at the pS2 gene promoter during its acti- 
vation by oestrogen, accompanied by cycling 
of DNA methyltransferases and other factors. 
And Kangaspeska et al. report cyclical DNA. 
methylation at five active promoters including 
pS2 and the oestrogen receptor ox, [Letter p.112] 


Touching all the bases 


Itis difficult to predict RNA structures from a 
base sequence, partly because of the presence 
of ‘non-Watson-Crick’ base pairs such as 
guanine bound to uracil these mismatches are 
thought to contribute to the RNAS structural 
stability. With the importance of small RNA. 
molecules in cellular regulation now clear, 

the need to find better ways of determining 
RNA structure is urgent. Marc Parisien and 
Francois Major present a series of algorithms 
that represents a significant technical advance 
in determining RNA structure from sequence 
alone. The algorithms take into account 

all base-pairing interactions to yield three- 
dimensional structures. [Article p.51) 


Cadmium fills aniche 


A major part of the carbon export from the 
atmosphere to the deep ocean is carried out by 
marine phytoplankton, using carbonic anhy- 
drase to catalyse the reversible hydration of 
carbon dioxide. The active site of this enzyme 
usually contains zinc, but some diatoms sub- 
stitute cadmium — usually regarded as a toxic 
element — as the catalytic metal atom. The 
X-ray crystal structures of four forms of this 
enzyme from the diatom Thalassiosira weiss- 
flogii — cadmium-bound, zinc-bound, metal- 
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‘Telomerase and cancer therapeutics 
C.B.Harley 


Aspectfic telomerase Inhibitor and several telomerase 
therapeutic vaccinesare in clinical trlals,and other 
telomerase-based theraplesare inprectinical 
development. What are the advantages and disadvantages 
ofthese approaches and which cancer patlentsmight 
benefit most? 


www.nature.com/reviews/cancer 


Genome-wide approaches to studying 
chromatin modifications 
D.E. Schones & K.Zhao 


Chromatin structures subject to varlousmodifications 
that have profound influences on gene expression. This 
article reviewsthe recently developed techniques to study 
chromatin modifications at a genome-wide scale, which are 
allowing researchersto probe the complex components 
that make up epigenomes. 


www.nature.com/reviews/gene 
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Genome-wide association studies: progress and potential 
for drug discovery and development 
S.F.Kingsmore et al. 


‘Genome-wide association (GWA) studleshave recently dented 
common genetic variants associated with a range of common 
complex diseases such as diabetes. Thisarticle highlights selected 
successeswith this novel approach and discussesthe potential 
for GWA studies to Identify therapeutic targets and genetic 
blomarkers. 


Discovering susceptibility genes for asthma and allergy 
D. Vercellt 


Anumberof susceptibility genes forasthma and allergy have 
been identified in recent years. Here, Donata Vercelli discusses 
these genes and reviews the techniques used by geneticists to 
Identify them She also highlightsthe outstanding challenges 
Inthe field. 


www.nature,com/reviews/immunology 


Physiological heterogeneity in biofilms 
P.S. Stewart 6 M. J. Franklin 


Stewart and Franklin discuss the processes that 
generate chemical gradients in biofilms, the genetic and 
phystological responses of the bacteria as they adapt to 
these gradients and the techniques thatcan be usedto 
visualize and measure physiological heterogenelty 

in biofilms. 


www.nature.com/reviews/micro 


‘Small non-coding RNAs in animal development 
G. Stefant & F.J. Slack 


‘Our understanding of the biological functions of small 
non-coding RNAs stems from the analysis of genetic 
deletions of Individual microRNAs (miRNAs) in mammals. 
These studles show that miRNAsare key regulators of animal 
developmentand are potential human disease loc. 


www.nature.com/reviews/malcellbic 


NEUROSCIENCE 


Pyramidal neurons: dendritic structure and 
synaptic integration 
N. Spruston 


‘The unique dendritic morphology ofpyramidal neurons stkely 
tohavean impact on thelr function.Spruston discusses how 
the properties ofthese neurons'distinct dendritic domains 
might contribute to thelr integration of synapticinputs, 


www.nature.com/reviews/neuro 


Nature Reviews Immunology Focus on Allergy 
and Asthma 


This Focus Issue of Nature Reviews Immunology 

highlights the latest advances in our understanding of the 
Immune bases of these respiratory diseases and how this 
knowledge can be translated into effective 

treatment strategies. 


www.nature.com/nri/focus/allergyandasthma 
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free and acetate-bound — have now been 
determined. The enzyme can easily exchange 
metals atits catalytic centre, suggesting that 
marine diatoms use of cadmium when zinc is 
rare, a considerable competitive advantage in 
the metal-poor environment of the oceans. 
[Article p. 56] 


Plasmaspheric chorus line 


Plasmaspherichiss is a type of electro- 
magnetic wave found in the dense plasma 
region — the plasmasphere — that encircles 
the Earth. This hissis a dominant factor in 
controlling the two-zone structure of the Van 
Allen radiation belts, and since it removes 
high-energy electrons from the plasmasphere, 
it plays a pivotal role in reducing the radia 
tion hazards to satellites and humans in space. 
Many theorieshave been proposed to explain 
the origin of the hiss, butnone have stood the 
test of time. Bortnik et al. have used data from 
the CRRES satellite to developa new model 
thatexplains hiss asa derivative of another 
‘wave type called chorus. Previously thought to 
be unrelated to hiss, chorus can propagate into 
the plasmasphere and subsequently evolve 
into hiss. [Letterp.62;News & Viewsp.41] 


Cool quantum science 


Tn recent years micromechanical devices have 
been developed that can strongly couple to 
light, by integrating them within optical cavi- 
ties. A main goal has been to cool the devices 
optomechanically, freezing out all thermal 
vibrations, so that the object’s motion eventu- 
ally becomes limited by quantum mechanical 
fluctuations. This would make it possible to 
study a new range of quantum behaviour of 
mechanical objects. Thompson et al. report an 
improved design of such a system, involving 
a movable membrane sandwiched between 
two rigid high-quality mirrors. In previous 


Mirror image: a new window into the quantum world. 


designs one of the mirrors had to double-up 
as a microresonator. The new device achieves 
substantial cooling, from room temperature 
106.8 mK. It should eventually be possible to 
reach the quantum-limited ground state with 
this system. [Letter p.72] 


A tissue of hydrogels 


Polysaccharide-based hydrogels show poten- 
tial for drug delivery and tissue engineering 
applications, for instance as a matrix to boost 
natural tissue regeneration. Ladet et al. use 
amulti-step interrupted gelation processto 


generate complex hydrogels with multi-mem- 
brane onion-like and tubular architectures. 
The new structures are made from chitosan 
or alginates, biocompatible natural polymers, 
and their novel layered structure creates 
vacant ‘inter-membrane spaces suitable 

for cell or drug introduction. The starting 
hydrogel can have any shape, and in principle 
any number of layers can be created, Initial 
experiments with chondrocyte cells cultured 
within a chitosan hydrogel suggest that the 
material has potential as a base for artificial 
tissues. [Letter p. 76] 


Asymbiont genome 

The fungus Laccaria bicolor — seen in its 
above-ground fruiting body presence as 
the ‘bicoloured deceiver’ mushroom — lives 
symbiotically on the roots of trees. Its genome 
has now been sequenced, and the key features 
of the genome characterized by transcript pro- 
filing. The study throws light on the mecha- 
nism of mycorrhizal symbiosis, the union of 


DVAIRELLES 


Fruits of the forest: with Douglas fir for company. 


roots and soil fungi that is of vital important to 
plant productivity. And it will be of keen inter- 
est to evolutionary and plant biologists for its 
revelations about plant—fungus interactions 
shaping genomes over time. [Letter p. 88 News& 
Views p.42; Author page] 


Psychosis complex isolated 


New-generation antipsychotic drugs such 

as olanzapine and risperidone act by block- 
ing neurotransmission by serotonin 2AR 
receptors; hallucinogens such as LSD also act 
via these receptors. And drugs that mimic 

the excitatory neurotransmitter glutamate 

at its mGluR2 receptor are also power- 

ful antipsychotics. These and other lines 

of evidence suggest that the serotonin and 
glutamate neurotransmitter systems function 
abnormally in the brain in schizophrenia. 
‘This would seem to be confirmed with the 
surprising discovery ofa functional complex 
containing the serotonin 2AR and mGluR2 
receptors that is involved in the unique effects 
of chemical hallucinogens in cultured cells 
and mice. The balance of these two receptors 
is disrupted in the brains of schizophrenic 
subjects, further implicating this complex as a 
promising potential target for the treatment of 
psychosis. [lettersp. 93; News & Views p. 38) 
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Abstractions 


FIRST AUTHOR 
About 85% of all plant 
species, most notably 
| 4) trees, depend on 
partnerships with soil fungi 
to thrive. The resulting 
mycorrhizal fungi scavenge 
hard-to-access nutrients 
and pass them onto the trees in exchange 
forthe plants’ store of carbon-rich sugar. On 
page 88, a team of international researchers 
reports some of the secrets of the genome 
of the mycorrhizal Laccaria bicolor. Francis 
Martin, a microbiologist at the French 
National Institute of Agricultural Researchin 
Nancy tells Nature how the genome sequence 
reveals an underground molecular dialogue 
that controls important ecosystem functions. 


Wasit difficult to get funding tosequence 
the genome of a mycorrhizal fungus? 

I've worked with mycorrhizae for 25 years, 
but I wouldn't have bet a penny that we 
could get the €5-million worth of funding 
needed to sequence this genome. | worked 
on acollaborative effort, funded by the 
California-based Joint Genome Institute 
(GI), to sequence the poplar tree’s genome. 
After that, we were able to convince the JGI 
that sequencing Laccaria would provide a 
better understanding of ecosystem function. 


Was this your first choice of species? 
Yes. We wanted an ecologically relevant 
species that interacts with seedlings as well 
as mature trees foundin Europe and North 
America. There were only a handful of such 
species with the minimal set of genetic 
resources required for sequencing, such as 
cDNA libraries. Laccaria is also economically 
relevant because it is used to promotethe 
growth of conifer seedlings in nurseries. 


Did the genome generate new hypotheses? 
Many. For example, the genome has some 
features that are common to saprotrophs 
— organisms that consumedead organic 
matter — as wellas genes required for 
symbiotic interactions, so we speculate 
that Laccaria may bean ancestral species of 
both groups, We also found genes encoding 
hundreds of small peptides, which we 
suspect the fungi may use to manipulate 
plant gene expression. 


Are there any other mycorrhizal genome 
‘sequences onthe horizon? 

Yes, we are sequencing the genome of the 
black truffle mushroom, another mycorrhizal 
fungus. There are two main evolutionary 
branches of fungi, andthe black truffle 

and Laccaria belong to different ones. By 
comparing the two genomesequences, we 
can see whether the two fungal kingdoms 
used the same tools to develop mycorthizal 
symbioses with trees during evolution. We 
hope to get that paper out before Christmas 
— when truffles will reach the market. a 
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MAKING THE PAPER 
Anthony Ives 


Amathematical model reveals the 
fragility of ecosystems. 


The midges of Lake Myvatn — literal transla- 
tion, ‘Midge Lake’ — in northern Iceland make 
up two-thirds of the lake's biomass, and often 
form swarms that hover like clouds over the 
surface of the water. Anthony Ives, a theoretical 
ecologist at the University of Wisconsin-Mad- 
ison, puts their abundance into perspective by 
describing it as being “like going into prairie 
grasslands and having the majority of the ani- 
mals there bea single species of grasshopper’, 
But despite their dominance, the numbers of 
these tiny insects fluctuate wildly. And a math- 
ematical model Ives developed to explain the 
population dynamics of the lake's midges sug- 
gests that they are extremely sensitive to both 
natural and human-induced change. 

Ives began collaborating with Arni Einars- 
son and Arnthor Gardarsson at the University 
of Iceland in Reykjavik 10 years ago. Since 
1977, these researchers had been gathering 
data on the population density of the midges, 
Tanytarsus gracilentus, living in Lake Myvatn. 
‘The data showed that the abundance of these 
midges, which feed on algae, fluctuates by 
almost six orders of magnitude. “The thing that 
really struck me was not just the extent of these 
fluctuations, but the fact that they're not ran- 
dom, nor are they regular. They're something 
in between,’ says Ives. Although some other 
animals also show dramatic population out- 
breaks, these typically occur in a regular fash- 
ion; outbreaks and crashes of Lake Myvatn's 
midges occur irregularly, 4 to 7 years apart. 

‘To understand the phenomenon, Ives cob- 
bled together statistical tools normally used to 
monitor stock-market activity or the trajec- 
tories of interplanetary satellites, and applied 
them to Einarsson and Gardarsson’s field data. 
The model showed unusual mathematical 
properties, so they enlisted Vincent Jansen 


at Royal Holloway, University of London, 
Epsom, to help interpret what these meant. In 
the model they designed, which is described on 
page 84, population abundance shifts between 
a constant state and one that is cyclical. 

“It’s this shifting from one type of dynamic 
[constant] to another type [cyclical] that can 
produce high-amplitude cycles and make 
the frequency of these cycles unpredictable 
or irregular,” says Ives. Even small changes in 
the weather, or other environmental events, 
including those caused by human activities, 
may result in wild fluctuations in population 
density, he adds, 

Ives’s model also helps to explain the impact 
that historical dredging for the mineral diat- 
omite may have had on the lake. The opera- 
tion, which started in 1967, was abandoned 
in 2004 after becoming what Ives describes as 
“an environmental cause célébre” when the 
fish populations started to diminish drasti- 
cally. His mathematical model suggests that 
such dredging could have increased the size 
of the fluctuations in the midge population. 
Because these organisms are the main source 
of food for Lake Myvatn’s fish, a crash in the 
midge population would have left fish with 
nothing to eat. 

Ives hopes to continue this collaboration, 
and expand it to include other researchers, 
allowing them to gather further basic eco- 
logical information about the midges and the 
entire ecosystem that they affect. . 


FROM THE BLOGOSPHERE 


With more then 100 members, 
theneuroscience group (http:// 
tinyurl.com/2s356r) is one of 
thefastest growing areas of 
Nature Network. Itrecently 
started an online journal club 
forneuroscientists to discuss 
thelatest research and trends. 
As with a traditional journal 
club, interesting papers from 
any journal are featured, 
beginning withan account 
of the paper by a student or 


discussed. 


postdoc in the neuroscience 
discipline concerned who was 
notinvolvedin the work being 


This journal clubis designed 
to teach non-specialists about 
certainneuroscience subfields 
that may be of interest to them, 
as wellas to highlight important 
findings for specialists. 
Participants ask questions 
about data and conclusions, 
orthe implementation of 


particular methodologies; 
discuss why additional data 
would help solidify conclusions; 
and suggest next steps. 
Itisalmost two months 
since the journal club began, 
and five papers have already 
been discussed. Topics range 
from delivering anaesthesia 
to manufacturing hair cells, as 
well as controversial debate 
about glia, fies and sexual 
preference. . 


Visit Nautilus for regular news relevant to Natureauthors 6 http://blogs.nature.com/nautilus andsee 
Peer-to-Peer for news for peer reviewers and about peer review bhttp://blogs.nature.com/peer-to-peer. 
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No more scavenger hunts 


The recent media flap over antidepressants highlights the need for data to be transparent — and for a 


mandatory database of all clinical trials. 


t was not the media's finest hour. When a study was released 
last week challenging the effectiveness of several popular anti- 
depressant drugs, some news outlets, particularly in the United 
Kingdom, responded with headlines blaring ‘the drugs don't work? 
— even though the drugs often do work. Yes, the study showed that 
the drugs often performed no better than aplacebo. But what many 
of the media missed was that the placebo effect can be remarkably 
strong in psychological and neurological disorders, especially in 
mild depression. Doctors scrambled to assure patients that they 
should not abandon treatment. 

Almost buried in the hubbub, though, was a more important story. 
To access the data needed for this study — a meta-analysis of 35 
clinical trials — the researchers had tofile a Freedom of Information 
Act request with the US Food and Drug Administration. And the 
information they finally received was incomplete: crucial data were 
missing for several studies that failed to find a significant benefit of 
thedrug compared with the placebo. The missing data limited the 
analysis, and forced the researchers to abandon their investigation 
of two drugs altogether. 

Such data chaos has become all too familiar in the world of clinical 
trials. And that fact, combined with recent scandals about antide- 
pressants, diabetes drugs and cholesterol medications, has spurred 
an outcry to make clinical-trial registries mandatory. 

That outcry has not been ignored — the past few years have seen 
dramatic improvements in data transparency. The International 
Committee of Medical Journal Editors took a valuable step forward 
in 2004 when it demanded that authors list and describe their clinical 
trials in an accepted registry. The number of clinical trials registered 
in the US National Institutes of Health database rose from 13,153 to 
22,714 ina single month, and now stands at more than 52,000 trials 
spanning 153 countries. Other databases are also active, including an 
international trial registry hosted by the World Health Organization, 


Time to connect 


More than ever, academics inlran and in nations 
hostile to it should communicate with each other. 


ofthe International Atomic Energy Agency (IAEA), to the 35 

member states on the agency's governing board highlighted 

the urgent need for Iran to allow the agency broader inspection 

powers. But it also highlighted the importance of continuing con- 
structive dialogue amid the bellicose words of national leaders. 

There is plenty to alienate Western countries on the one hand 

and Iran on the other. Iranian President Mahmoud Ahmadinejad's 


T his week’s address by Mohamed ElBaradei, director-general 


which has declared the registration of all interventional trials a “sci- 
entific, ethical and moral responsibility”. 

That responsibility remains unfulfilled. The existing databases 
are neither comprehensive nor mandatory. Researchers in search of 
clinical-trial data still have to embark ona scavenger hunt through 
missing trials and incomplete database entries. Yet the taste of 
success has been enough to move some open-access advocates to the 
next step: asking for a description not only ofa trial’s protocol, but 
alsolte esults “Researchers still 

Critics argue that results databases 

fi have to embark on 
could undermine the peer-review pro- 
cess, reveal competitive information or @Scavengerhunt 
enablesloppy meta-analyses that setoff_ through missing 
public panics. They have a point: pub- trjals and incomplete 
lic registries are no substitute for peer- database entries.” 
reviewed literature. But such results 
databases would still serve an important purpose — as repositories 
for the negative data that often go unpublished, but that can reveal 
a drug or treatment regime as ineffective. These data are crucial for 
meta-analyses, and could improve the design of subsequent trials. 
Despite reluctance by some pharmaceutical companies to participate, 
the registries could be helpful to them. 

So what can be done to encourage recalcitrant investigators to 
deposit their data? Several prominent medical journals have removed 
one barrier by reassuring authors that depositing an abstract or table 
of results will not be considered ‘prior publication’ Politicians in 
several countries have expressed interest in mandating clinical-trial 
registries, with some emphasizing the importance of depositing trial 
results as well. But true fulfilment of that moral responsibility will 
require international cooperation and enforcement by regulatory 
authorities — an unprecedented degree of organization and com- 
mitment. Itis a daunting goal, but one worthy ofthe struggle. sm 


threats against Israel, the nation’s fatwa against the writer Sal- 
man Rushdie and current domestic violations of human rights 
are deplorable. But many in the West are ignorant of the depth of 
resentment, even among the most moderate Iranians, at Western 
foreign policy in the region, Particularly remembered are the 1953 
overthrow by the United States and Britain of the elected govern- 
ment of Mohammed Mossadegh after he nationalized the Anglo- 
Iranian Oil Company, and the decades of despoticrule that ensued 
under the Shah. 

Nevertheless, Iran's current hard-line leadership masks the coun- 
ty’s rich veins of democracy, education and free thinking, which are 
more developed than those of most of its neighbours in the Middle 
East. Moreover, Iranian and US politics are both more diverse and 
pragmatic towards foreign policy than the respective presidents are. 
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Détente is no longer inconceivable as the national interests — the 
driver of Realpolitik — ofboth converge, notleast in Iraq. 

Butas tensions run high, academics on all sides can try and help 
defuse them. Some, in particular physicists, are already active in 
back-channel diplomacy, encouraging détente by opening up 
informal, person-to-person communications that bypass their 
stiff-necked leaders. The US National Academy of Sciences is also 
expanding scientific cooperation and dialogue with Iran. Such 
efforts are to be applauded. 

A crucial imperative is to find a way out of the international crisis 
over Iran’s nuclear programme. Academics have a role here, too. 
From historians and nuclear physicists to national academies, they 
can help to elevate the level of debate above that conveyed by Fox 
News or Iran's state television. They can explain the complex geo- 
political realities that have led to the current escalation, but also 
inject much-needed scientific facts and objectivity into the debates 
about the purposes of Iran’s nuclear efforts. 

It is important to unpack the issues. Iran needs to come clean on 
any past military aims. But the key challenge is to deal with the here 
and now: regimes’ past intents can be changed by forceful diplomacy. 
Many nuclear experts argue that the most important goal is for the 
international community to have confidence that Iran's current pro- 
gramme is not diverted to military ends. And so the priority is to 
persuade Iran to agree to the 1997 ‘additional protocol to the IAEA's 


The EPA's tailspin 


The director of the Environmental Protection 
Agency is sabotaging both himself and his agency. 


the few shreds of credibility it has left. The Bush adminis- 

tration has always shown more zeal in protecting business 
interests than the environment (see Nature 447, 892-893; 2007). 
But the agency’s current administrator, Stephen Johnson, a veteran 
EPA toxicologist who was promoted to the top slotin 2005, has done 
so with reckless disregard for law, science or the agency's own rules 
— or, it seems, the anguished protests of his own subordinates. 

On 27 February, to take the first of two examples that surfaced last 
week, Senator Barbara Boxer (Democrat, California) used a routine 
budget hearing to give Johnson a grilling. Why hadn't he given her 
state permission to regulate the carbon dioxide emissions of vehicle 
exhausts? California needs a waiver from the EPA to regulate in this 
way, and in the past such waivers have been granted easily. And, Boxer 
reminded him viaa series of leaked memos and PowerPoint presenta- 
tions, Johnsonis own top-level staff begged him to sign the waiver in this 
case. “Thisis a choice only you can make,’ one colleague wrote to him. 
“But ask you to think about the history and the future of the agency 
in making it. If you are asked to deny this waiver, I fear the credibility 
of theagency that we both love will be irreparably damaged” 

In December, Johnson announced he would refuse the waiver, an 
act that would also deny permission to more than a dozen other states 
seeking to base their exhaust regulations on California's. Johnson 


Ts US Environmental Protection Agency (EPA) is fast losing 
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safeguards agreement. The protocol gives the agency extra powers, 
such as short-notice inspections of any site — not just ofdeclared 
nuclear facilities — and so guards against the biggest worry: clan- 
destine diversion of nuclear expertise. 

Iran has not ratified the additional protocol, although it voluntar- 
ily allowed equivalent broad access from May 2004 to January 2006. 
But after United Nations resolutions required it to suspend uranium 
enrichment, Iran stopped its extended cooperation with the IAEA, 
and reaped popular domestic support in the process by portraying 
the actions as foreign threats to their right to nuclear energy. 

Earlier this week the United Nations Security Council agreed to 
further sanctions against Iran in the hope of forcing asuspension of 
enrichment. Such an aim is indeed desirable for many reasons, but an 
insistence that there can be no negotiations until Iran ceases enrich- 
ment is futile and counterproductive. A negotiated solution would 
strengthen the hand of reformers in Iran, because it would dilute 
Ahmadinejad’ ability to wield external threats and divert domestic 
attention from his dire human-rights and economic record. 

Many of Iran's democratic forces have their roots in a vibrant 
scientific community, which too often has been subjected to humili- 
ating visa refusals and actively or passively ostracized by colleagues 
elsewhere. An experiment for Iranian and US scientists: follow the 
example of fellow researchers, find a counterpart in your field, and 
connect with them. rT] 


argued that climate change is not a local phenomenon, so dealing 
with it isn’t what the authors of the Clean Air Act intended for the 
waiver system. 

Although logical, this argument is similar to that made by John- 
son's EPA in an earlier case involving Massachusetts, when the agency 
fought against CO, regulation all the way to the Supreme Court — and 
lost. His insistence on using it again can perhaps best be understood 
from the fact that Johnson answers to a White House that is hostile to 
regulation on principle. It is also worth noting that his refusal docu- 
mentation, made official on 29 February, extensively quotes an indus- 
try trade association, the Alliance of Automobile Manufacturers. 

The second example came on 29 February, in the form ofa joint 
letter to Johnson from the four labour unions representing most of 
the EPA’ professional staff. Listing examples of alleged bad faith 
by Johnson, the unions essentially refused to work with him until 
he cleans up his act. Among the complaints was an assertion that he 
repeatedly ignored the EPA’ official Principles of Scientific Integrity, 
citing “fluoride drinking water standards, organophosphate pesticide 
registration, control of mercury emissions from power plants” —and 
the waiver refusal, 

Ina rational world, Johnson would resign in favour of someone 
who could at least feign an interest in the environment. Alas, it seems 
that he will probably stay on until January 2009, refusing waivers, 
fighting lawsuits and further depressing employees’ morale. In the 
meantime, we can only offer those employees a fantasy: the White 
House doesn’t want the agency to do anything, so shut it down until 
next January. Take some fully paid sabbatical time to relax, and pre- 
pare fora return to the old-fashioned protecting of the environment 
that so many of you joined the agency for. . 
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In hot water 

Geophys. Res. Lett. 35, L03613(2008) 

The warmest regions of open ocean on Earth may 
be protecting reefs from exposure to temperature 
spikes that cause corals to ‘bleach’ —thatis, eject 
the colourful algae that live in their tissues and 
provide them with sustenance. 

Joan Kleypas at the National Center for 
Atmospheric Research in Boulder, Colorado, and 
her colleagues analysed sea-surface-temperature 
records between 1950 and 2006 and a quarter- 
century of data on coral bleaching. They found that 
coral bleaching was less common in aregion of the 
Pacific Ocean knownas the western Pacific warm 


— but had remained relatively constant. 
Negative feedback mechanisms in areas of 


Stirred, not shaken 

Phys. Rev. Lett. 100,078002 (2008) 

Frank Rietz and Ralf Stannarius of the Otto- 
von-Guericke University in Magdeburg, 
Germany, have added a new pattern to the 
menagerie of arrangements into which grains 
can spontaneously separate, 

Shaken or sliding grains are a rich source 
of patterns, many of which are seen in nature 
— such as segregation by size or shape in 
wind-blown sand — and in industrial powder 
processing. 

‘The researchers produced their pattern 
by confining tiny glass beads between two 
closely spaced long, narrow, horizontal 
plates that rotate around the long horizontal 
axis. When the space between the plates is 
almost full, most grains can only slide in 
compact clusters, and the ‘slab’ of grains 
develops a series of regularly spaced cells that 
circulate between the top and bottom of the 
container (pictured, over time, below; from. 
the top, after 2,000, 4,000, 6,000 and 12,000 
rotations). This circulation is analogous to 


pool, where temperatures were high—around 30 °C 


naturally warm open ocean may hold back warming 
beyond a threshold temperature, the authors suggest. 


that of convection cells that form in fluids 
with temperature gradients, yet seems to 
demand a new mechanism. 


Modelling malaria 

Proc. R. Soc. B doi:10.1098/rspb.2007.1545 (2008) 
After infecting people, malaria parasites 
form many more merozoites — which cause 
red blood cells to burst — than gametocytes, 
sexual forms that do not harm the host but 
can transmit the infection to mosquitoes. 
This contributes greatly to the severity of 
the disease, and perplexes evolutionary 
biologists. 

Nicole Mideo and Troy Day from Queen's 
University in Kingston, Canada, have 
adapted a model of malarial infection, and 
their calculations suggest that there are two 
possible explanations for the high number 
of merozoites. Either the host's immune 
response varies according to the number of 
gametocytes, or parasites from one strain 
need to fend off others. It follows from the 
latter that interventions that reduce the 
incidence of multiple infections 
—and thus reduce the risk of 
inter-strain competition — could 
favour gametocytes and improve 
the clinical course of the disease. 


Coming up dry 
Geology 36, 211-214 (2008) 
High-resolution topographic 
models of Mars'ssurface cast 
doubt on the idee thatrecently 
formed gullies are evidence for 
transient flows ofliquid water. 
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Jon Pelletier at the University of Arizona 
in Tucson and his colleagues used data from 
the HiRISE camera now orbiting Mars to 
produce three-dimensional representations 
ofa crater in which a gully formed between 
2001 and 2005. They then applied software 
that models fluid or granular flow; modelling 
of dry, dusty flows produced features closer 
in appearance to the observed gully than did 
the wet models. 

This work, the authors say, shows that 
gullies and similar formations could be made 
without water in atleast one region of the 
planet, thus calling into question the watery 
origins of gullies elsewhere. 


Making silicon shine 
Nature Nanotech. doi:10.1038/nnano.2008,7 (2008) 
Silicon is a mainstay of the electronics 
industry. It is also weakly luminescent —a 
property that has huge potential for devices 
such as those used in communication 
networks, which have long exploited 
the element's electrical properties. Now 
researchers have worked out what makes 
silicon nanocrystals luminesce 

Whether these nanocrystals glow because 
of quantum effects that are confined to 
each tiny crystal, or owing to defects in the 
material joining the nanocrystals together, 
has been debated for more than a decade. 

Manus Hayne at Lancaster University, UK, 
and his colleagues distinguished between 
the two mechanisms by looking for subtle 
changes inthe colour of the light emitted by 
silicon nanocrystals in a strongmagnetic 
field. Such changes would be caused by the 
quantum-confinement mechanism. The 
authors found that both explanations were 


NAWU/FLPA 


valid, and that the dominant mechanism 
depended upon the number of defects 
in astructure. The team was also able 

to manipulate the origin of the light by 
controlling the number of defects. 


SYSTEMS BIOLOGY 


A powerhouse dissected 


‘Nature Biotechnol. doi:10.1038 /nbt!387 (2008) 

A compendium detailing how an organelle 
involved in cellular energy production 
responds to a catalogue of compounds, two- 
thirds of which are marketed drugs, has been 
made freely available online. 

Vamsi Mootha at Harvard Medical School 
in Boston and his colleagues developeda 
rapid technique for monitoring changes 
in the activity of mitochondria in cultured 
muscle cells in response to almost 2,500 
compounds, They also measured alterations 
in the expression of 25 genes involved in the 
organelle’s function. 

People with heart disease are often 
prescribed propranolol to treat high blood 
pressure, and statins to lower cholesterol. The 
researchers found that when propranolol is 
applied to cell cultures in combination with 
several statins, this can drastically reduce 
mitochondrial function. This may explain 
why some people who take statins experience 
muscle pain. 


ANTHROPOLOGY 
An infectious idea 


Proc. R. Soc. B doi:10.1098/rspb.2008.0094 (2008) 
Historical patterns of the prevalence of nine 
major infectious diseases predict some social 
attitudes in today’s societies better than 

do contemporary patterns of illness. This 
finding, from Corey Fincher at the University 
of New Mexico in Albuquerque and his 


colleagues, lends weight to 
the idea that certain social 
attitudes — such as distrust 
of outsiders, or high regard 
for behavioural conformity 
(pictured, right) — develop in 
response to disease. 

The authors compare 
historical data on pathogen 
distribution with several 
surveys of cultural attitudes. 
They also factor in an 
analysis that statistically 
controls for other likely 
predictors, includingincome 
and inequality, to support a 
causal link between historical 
pathogens and cultural values. 


QUANTUM PHYSICS 
Magnetic gas 


‘Nature Phys. doi:101038/nphys887 (2008) 
Bose-Einstein condensates are weird clumps 
of extremely cold atoms. Normally, the 
condensates are made of atoms that interact 
with only neighbouring atoms, bouncing 
off each other like billiard balls. A team of 
physicists at the University of Stuttgart in 
Germany has now demonstrated that they 
can make stable clumps with long-range 
interactions. 

Tobias Koch and his colleagues made a 
Bose-Einstein condensate by cooling a gas 
of chromitun-52 to just above absolute zero. 
‘The atoms of this condensate had strong 
magnetic dipoles, and the team applied an 
external magnetic field to eliminate contact 
forces between the atoms. This left only the 
interaction between the magnetic dipoles. 

Because the dipoles have a preferred 
direction, these clumps of atoms are only 
stable in certain configurations. 


RESEARCH HIGH 


METEOROLOGY 
Bacteria make rain 


Science 319, 1214 (2008) 

Fresh snow contains a surprisingly large 
amountof cells or cell fragments, a team of 
researchers has found. For the ice crystals 
that produce rain and snow to form, the high 
atmosphere must contain tiny particles on 
which moisture can condense. 

Brent Christner of Louisiana State 
University in Baton Rouge and his colleagues 
sampled fresh snow collected at mid and 
high latitudes in North America, Europe and 
Antarctica. They found small amounts of 
biological ice nucleators in all of the samples, 
indicating that snow- and rain-making 
particles, such as certain plant pathogens, 
are able to travel long distances and that 
their effect on precipitation is not limited to 
vegetation-covered regions. 

Health and plant growth have been linked 
to atmospheric processes, so changes in 
forestry or agriculture may have alargeand 
direct impact on global precipitation, the 
authors add. 
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Amathematician considers 

the early signs of mathematical 
ability. 

Have you ever wondered whether 
there isany reliable way to predict 
whether a three- or four-year-old 
child will be good at mathematics 
when he orshe goes to school? 
Many peoplefind it surprising that 
anearly aptitude forarithmeticis 


nota terribly goodindicator. 
‘A.2004 paper by the 
psychologist Daniela O'Neill and 
her colleagues at the University 
of Waterloo in Ontario, Canada, 
‘suggested something better. 
ONeill and her team showed 
three- and four-year-old children a 
picture bookand asked them to tell 
astory about what they saw. The 
researchers then measured many 
parameters of the children’s story- 
telling, including the diversity of 
vocabulary used and the length of 
the sentences constructed, Two 
years later, the teamsetthe same 
children various tests ofacademic 


achievement (D. K. O'Neill et al. 
First Lang. 24, 149-183; 2004). 
O'Neill and her co-workers 
found that vocabulary and 
sentence lengthin the initial study 
bore little relation to thetest 
performances a couple of years 
later. However, the sophistication 
with which the children told 
their stories was important. The 
most significant feature of this 
sophistication was children's 
ability to switch perspectives 
asthey related the stories. 
Crucially, thecorrelation that 
the researchers found pertained 
not to later performance in 


reading, spelling or general 
knowledge, but to future 
mathematical ability. 

| have longthought that the 
human capacity for mathematical 
thinking must predate symbolic 
arithmetic, because numbersare 
a relatively recent invention. This 
study backs up this idea, because 
it suggests that the ability to solve 
mathematical problemshas co- 
opted other innate capacitiesthat 
have been important formuch 
longer in our evolution, 


Discuss this paper at http://blogs. 
nature.com/nature/journaldub 
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NEWS 


Crunch time for peer review in lawsuit 


A US magistrate is set to rule next week on 
whether the drugmaker Pfizer can force The 
New England Journal of Medicine (NEJM) to 
hand over confidential peer reviews as part 
of litigation involving two controversial 
painkillers. 

Pfizer, the world’s largest drug company, 
subpoenaed the medical journal last May to 
surrender peer reviews, the names of peer 
reviewers and internal editorial delibera- 
tions for 11 recent papers related to the 
painkillers Celebrex (celecoxib) and Bextra 
(valdecoxib). It also wantsall other man- 
uscripts the journal has received involv- 
ing either drug. Most of the studies were 
published in 2005 and 2006 after Bextra 
and Vioxx (another drug in the sameclass 
of COX-2 inhibitors) were withdrawn 
because of serious side effects. 

Pfizer, based in New York, is defending 
Celebrex and Bextra in lawsuits charging 
that they caused heart attacks and strokes. 
Bextra was pulled from the market in 2005; 
Celebrex is still available. The drugmaker 
is trying to obtain the NEJM reviews as 


part of its defence in the US district court in 
northern California, where several lawsuits 
relating to the drugs have been consolidated. 
In November, the NEJM turned over 246 
pages of documents, but included only its 
communications with the named authors of 
the papers, and their financial disclosures. 
Pfizer offered to remove the names of indi- 
vidual peer reviewers from any documents 
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Pfizer wants to obtain peer reviews relating to Celebrex. 


the journal provided — but the NEJMstill 
resisted. In January, the drug company filed 
a motion to force the NEJM to hand over the 
peer reviews and any other manuscripts. 
“Scientific journals such as NEJM may have 
received manuscripts that contain exonerat- 
ing data for Celebrex or Bextra, which would 
be relevant for Pfizer's causation defence,” 
its lawyers wrote. “The public has no inter- 
est in protecting the editorial process ,, 
of a scientific journal, particularly not 2 
when doing so prevents a defendant > 
from access to potentially exonerating § 
evidence.” = 
Responding in an affidavit, Jeffrey 2 
Drazen, NEJM editor-in-chief, argued 2 
that ifthe company prevails, there could = 
be “serious adverse consequences” for the 
scientific peer-review process, including 
the ability of journals to recruit reviewers, 
who will be wary of ‘the possibility that 
their volunteer work would land them 
in the middle of litigation”. He wrote 
that removing names would not be 
enough to disguise reviewers, given the 


Bright hopes pervade dark matter 


Physicists have again returned empty-handed 
from a search for the ‘dark matter’ that is 
thought to fill the cosmos. But the latest null 
result hasn't dimmed their enthusiasm — or 
their plans for a new generation of detectors, 
Since the 1970s, theorists have predicted 
the existence of massive particles that rarely, 


Computer simulation of the distribution of dark 
matter thatis thought to fill the Universe, 


6 


ifever, interact with normal matter. This dark 
matter is believed to be responsible for slowing 
the rotation of galaxies and makes up about 
85% of matter in the Universe. Physicists have 
devised a host of experimentsto find dark mat- 
ter, but to date, nobody has been able to detect 
it directly (see Nature 448, 240-248; 2007), 
The latest non-findings met with spontane- 
ous applause at a conference on 22 February in 
Marina del Rey, California. The results came from 
Cryogenic Dark Matter Search II (CDMSII) — 
one of the world’s most advanced dark-matter 
detectors, located in the Soudan mine in Minn- 
esota. CDMSII uses giant crystals of germa- 
nium and silicon that physicists hope will ring 
out when struck by a dark-matter particle, 
The crystals are kept more than 700 metres 
underground in order to shield them from 
disruptive cosmic radiation. A previous gen- 
eration of CDMS detectors delivered nothing, 
and the new bigger and better crystals are only 
now beginning to reach sensitivities at which 
they might realistically see a dark-matter par- 
ticle, says Bernard Sadoulet, a physicist at the 


University of California, Berkeley, who leads 
the CDMSII collaboration. “We really are 
entering the core of the interesting territory.” 

The results are not entirely surprising, says 
Elena Aprile, a physicist at Columbia Uni- 
versity in New York city who is working on a 
rival experiment called XENON 10. The dark- 
matter particles could still be well below the 
experiment’s threshold, she says. “Maybe it’s 
just alittletoo insensitive still” 

Sadoulet says the CDMSII detector should 
reach up to four times its present sensitivity 
later this year, and Aprile says a new, larger 
XENON100 detector could do better still. But 
detecting the particles may require sensitivities 
hundreds of times beyond even theselevels. That 
will probably mean a next generation of detec- 
tors. Sadoulet and Aprile both say they havepro- 
posals for third-generation detectors, which are 
expected to cost tens of millions of dollars. 

But the lack of detection and rising costs 
raise another spectre for the dark-matter 
hunters —what if the particles aren't there? Or 
what if they dor’t interact with regular matter? 
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small number of experts in any one area, who 
can easily identify each other through their 
arguments. 

Similarly, he argued, free-flowing discussion 
among NEJM editors would be stemmed “if 
litigants were able to pick apart this internal 
editorial process to serve their own needs”. 

Scientists and editors have rallied to the 
NEJM cause. Donald Kennedy, editor-in-chief 
of Science, calls Pfizer's efforts a “fishing expe- 
dition” because of its failure to specify what it 
is looking for. If Pfizer prevails, says Marcia 
Angell, a senior lecturer in social medicine at 
Harvard Medical School anda former editor 
of the NEJM, “it would undermine the whole 
system of peer review, which depends utterly 
on confidentiality”. 

Aravinda Chakravarti, a computational 
biologist and geneticist at Johns Hopkins Uni- 
versity in Baltimore, Maryland, says that he 
can imagine “exceptional circumstances” in 
which a manuscript review could be submitted 
as part of litigation, with any potentially iden- 
tifying information removed. But with Pfizer 
requesting all of the reviews on 11 papers and 
possibly more, he says: “Iam worried about the 
precedent. This may benefit Pfizer, but science 
loses in a big way.” 

Aruling is expected on 13 March. ' 
Meredith Wadman 


Nobody knows exactly where dark matter lives 
in the Milky Way, although it is likely to exist 
in our Solar System in some shape or form, 
according to Ben Moore, a theorist at the Uni- 
versity of Zurich in Switzerland. But he adds 
that many proposed versions of the stuff would 
never interact with a germanium crystal — or 
anything else. “It's a gamble,’ he says. “If dark. 
matter is one of those alternative candidates, 
then they're not going to see anything.” 

Sadoulet is the first to admit thatthis may be 
the case. Still, he hastens to add, there is good 
reason to look, especially because several other 
experiments may soon provide further clues. 
A satellite called the Gamma-ray Large Area 
Space Telescope will launch later this year, and 
may provide evidence of dark matter ‘annihi- 
lating’ inthe cosmos. Also this year, the Large 
Hadron Collider, the world’s largest particle 
accelerator, which is located at CERN near 
Geneva in Switzerland, will start looking for 
signals that could confirm the existence of 
some classes of dark-matter particle. 

The risk of coming up empty-handed nags 
at the field, Sadoulet says. But if something 
is found, “it will be a new start for particle 
physics” ' 
Geoff Brumfiel 


Entomologists stifled 
by Indian bureaucracy 


An international collaboration to study 
insects in the Western Ghats mountains 
in southern India has been unable to get 
offthe ground because of government 
concerns over biopiracy. 

The Indian-American projectaims to 
sample insects from different ecosystems 
at various elevations, and incorporate 
about 200,000 specimens into national 
insect collections. “We have already 
identified 24 taxonomists from all over 
the world who are willing to work on this 
project, says Priyadarsanan Dharmarajan, 
a taxonomist at the Ashoka Trust for 
Research in Ecology and the Environment 
in Bangalore, who leads the Indian team. 

But the project has stalled because 
India’s National Biodiversity Authority 
(NBA) has denied the Ashoka Trust 
permission to export the specimens, 
despite assurances that they would be 
returned to Indiaafter identification. 
“We have to send the specimens abroad 
for identification as we do not have the 
expertise at home,’ Dharmarajan says. 

Indian biodiversity rules guiding 
foreign collaborations require permission 
from the NBA before specimens can be 
exported, Under the Biological Diversity 
Act, specimens must not be deposited in 
international museums but kept onlyin 
designated repositories in India. 

Now Paul Tinerella, insect collection 
manager at the Illinois Natural History 
Survey in Champaign, which is involved 
in the project, hasinformed the Ashoka 
Trust that the venture is “doomed” without 


the exit permits from the NBA or relevant 
supporting documents from the Indian 
government. “Biodiversity assessment 
iscritical to wise land-use planning and 
without the basics of a sound taxonomic 
frameworkacross the spectrum of life, 
biodiversity assessment is extremely faulty,” 
says Michael Irwin, an insect ecologist at 
the Illinois Natural History Survey. 

The draconian regulations on the free 
exchange of specimens could isolate 
Indian biodiversity researchers, says 
K. D. Prathapan, a taxonomist at the Kerala 
Agricultural University. “This could totally 
isolate Indian biodiversity researchers.” 
Prathapan’s own recent discovery of three 
new species of flea beetle in India “would 
have been impossible” but for the loan 
of specimens from five international 
museums in four countries, 

Krishnamoorthy Venkataraman, 
secretary of the NBA, says that the rules 
aim to fight biopiracy and not to stop 
basic research. “There is no restriction on 
collection or export ofa few specimens for 
research,” he told Nature, “But exporting 
200,000 specimens is not permissible.” 
The NBA encourages Indian scientists 
to send photographs or digital images to 
collaborators abroad instead of actual 
specimens, he says. 

Dharmarajan hopes that the Indian 
government will follow the example of 
Brazil, which repealed its initially tough 
rules for biological specimens after 
protests by scientists. tT 
K.S. Jayaraman 


mountains in 
“India are rich in insect life. 


Save the trees 


Scientists and policy-makers will meet in Bonn this June to discuss 
one of the most pressing concerns to come out of December's 
United Nations climate meeting — how to manage the world’s 
tropical forests. Jeff Tollefson examines some of the proposals. 


ainforest nations walked away from the 

United Nations (UN) climate meeting 

in Indonesia last December with pretty 
much all they had hoped for: a place at the 
negotiating table and an acknowledgement 
that deforestation belongs in a future global- 
warming treaty. 

The landmark decision in Bali was accom- 
panied by an outpouring of concern — and in 
some cases money — from the international 
community. Little more than a month later, 
howeyer, the European Commission released 
a proposal that would ban forestry credits of 
any kind from the world’s largest carbon mar- 
ket until 2020. The document highlights old 
divisions over whether to integrate forestry 
issues into the cap-and-trade programme for 
reducing greenhouse-gas emissions or to tackle 
problems such as deforestation separately 
through government programmes. Rather 
than open up the European market, the com- 
mission proposes funnelling a portion of the 
proceeds from the carbon market into defor- 
estation programmes. 

Advocates of rainforest conservation have 
in the past focused on issues of biodiversity 
and the preservation of indigenous commu- 
nities. The climatic implications of deforesta- 
tion, which releases the carbon stored in plants 


and soils into the atmosphere, both heightens 
the urgency and opens the door to potential 
solutions. Yet although the Bali declarations 
endorsethe idea ofincluding forest protection 
in the next climate agreement, they say nothing 
about which avenue to take — anissue that is 
now being hotly debated. 


Monitoring emissions 

‘The discussions kicked off in Kyoto in 1997, 
when the United States pushed to make for- 
estry part of the market-based cap-and-trade 
programme. Europe eventually accepted the 
programme, but was sceptical about includ- 
ing deforestation, unconvinced that the tech- 
nology was advanced enough to monitor and 
quantify emissions resulting from deforesta- 
tion, Reforestation projects were included in 
the final agreement, but avoiding deforestation 
was left out. 

Ten years later, with the scientific commu- 
nity generally agreed that satellite monitoringis 
ready for prime time, rainforest nations banded 
together in favour of a market-based approach 
tied to national baselines — similar to the way 
developed nations would certify industrial 
emissions (see “Taking steps at a local level’). 
Brazil seemed to be out in the cold last year 
when it continued to push forthe creation ofan 


Taking steps at a local level 


After more than a decade of 
work, scientistssay today’s 
computermodels could 
allow virtually any nation to 
monitor deforestation rates 
and participate in some kind 
of internationaltreaty. Greg 
Asner, who studies rainforests 
at the Carnegie |nstitution in 
Stanford, California, says the 
latest validation on his model 
suggests an error margin 
of about 0.5% for broad 
deforestation; that margin 
increases to around 10% for 
selective logging. 

The question faced by 
delegates at the next United 
Nations climate talks will 


toanother, 


be how to translate such 
information into a workable 
system that rewardscountries 
for reducing deforestation. 
The Coalition for Rainforest 
Nations, led by Papua New 
Guinea and Costa Rica, has 
proposednaticnal baselines 
toensurethat problems do 
not migrate from one region 


Costa Rica, India andother 
nations are pushing for ways 
torewardcountries that have 
already halted or prevented 
deforestation, including 
building a tourism industry 
around the natural resource. 
‘Advocates say this would 


ensure the problem doesn't 
move from one country to 
another while providing 
additional assistance 

for countries that are 
managing their resources 
properly. 

All of these countries will 
probably need to build up 
expertise in running theirown 
monitoring programmes, 
but Asner says his computer 
model is simple enough for 
him to be ableto train his 
technicians ina couple of 
months. “I think that the key is 
planting the seed and building 
thescientific capacity within 
thesenations,"hesays. JT. 
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international fund, independent ofan eventual 
carbon market, that could be tapped in support 
of programmes to halt deforestation. 

In the end, however, UN negotiators failed 
to settle the issue. “When we went into Bali, we 
all thought that carbon markets would win, but 
after Bali there are more and more voices say- 
ing, ‘maybe the market doesn’t work that well 
here,” says Fred Stolle, a researcher with the 
World Resources Institute, an environmental 
think-tank based in Washington DC. Stolle 
says the European proposal puts the whole 
idea of a market-based forestry programme 
“on shaky ground’, because where Europe 
leads, others may follow. 

This dilemma has advocates of a market- 
based approach looking to the United States for 
leadership. The leading global-warming legis- 
lation in the Senate would set aside 2.5% of the 
credits in an eventual cap-and-trade system for 
forestry and deforestation projects. A coalition 
of businesses and environmental groups, rep- 
resented by the lobbying firm Covington and 
Burling, based in Washington DC, is pushing 
to expand that and other provisions that would 
allow forestry to play a greater role. 

An international fund such as that backed 
by Brazil might be useful to help pay for infra- 
structure issues as nations develop the exper- 
tise to track and police deforestation, sceptics 
argue, but the resources necessary to address 
such a problem can be raised only ifavoiding 
deforestation becomes a private economic 
enterprise, “In global markets, forests are worth 
more dead than alive, and this is what we need 
toturn around,’ says Andrew Mitchell, director 
of the Global Canopy Programme in Oxford, 
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Logging in West Kalimantan, Borneo. 


UK. “Philanthropyand governments wont do 
it. You have tolook to markets to overturn what 
is in facta market failure? 

Moreover, having developing nations sign up 
to cap-and-trade commitments in the forestry 
sector will build momentum and increase pres- 
sure on countries such as China as well, says 
Stuart Eizenstat, a partner with Covington and 
Burling who served as chief negotiator for the 
US delegation to Kyoto, “This could open up 
away of breaking this impasse between devel- 
oped and developing countries” 


Tomarket 

But perhaps the biggest fear among sceptics is 
that an endless stream of deforestation credits 
will simply allow companies in the developed 
world to paya little extra and pass costs on 
to consumers without otherwise changing 
their policies. Artur Runge-Metzger, who is 
in charge of climate issues at the European 
Commission, says deforestation accounts 
for 5-6 gigatonnes of carbon dioxide annu- 
ally, compared with 2 gigatonnes in the entire 
European trading scheme. “That would flood 
the market,’ he says, revealing a major reason 
behind Europe's stance, “We want to see real 
emissions reductions in Europe.” 

Eric Bettelheim, executive chairman of Sus- 
tainable Forestry Management in London, calls 
this logic “nonsense’, saying forestry projects 
will come online over timeas countries develop 
their monitoring systems, link up to the inter- 
national system and work through projects. 
Moreover, as some 20% of global greenhouse- 


uner 


‘The extent of the problem: changes in forest cover in Borneo (left) and the human impact globally. 


gas emissions come from deforestation each 
year, from a theoretical standpoint, deforesta- 
tion can't make up more than 20% ofthe solu- 
tion ifit represents only 20% of the problem. “It 
isnot the purpose ofa market to punish indus- 
try,’ he says. If reducing emissions through 
deforestation is the cheapest option, “it’s the 
logical thing to do”. 

Kevin Conrad, director of the New York- 
based Coalition of Rainforest Nations, plays 
down the European Commission's move to 
bar forestry projects, expressing confidence 
in the UN talks. He says developing nations 
would be suspicious of any new non-market 
initiative, such as the millennium development 
goals for deforestation, that would beperenni- 
ally under-funded and bureaucratic. “Devel- 
oping countries are trying to test the sincerity 
of developed countries, saying 
‘Don’ try to fool us dangling gio 
some new-fangled fund infront for 
of us,” Conrad says, “What we 
want is just our right to be at 
the table inthe markets thatare 4N¢ 
already in the tens ofbillions of ne 
dollars per year” 

How much money would flow into this 
sector ultimately depends on the actual cost 
of curbing deforestation, and for this there is 
a range of estimates. Doug Boucher, director 
of thetropical forests and climate initiative for 
the non-profit Union of Concerned Scientists 
based in Cambridge, Massachusetts, is in the 
process of compiling and analysing various 
studies on the issue. He says the numbers vary 
from a few dollars per tonne of carbon dioxide 
for individual projects to $10-30 per tonne for 
some of the economic models, For perspective, 
carbon dioxide credits are currently trading at 
more than $30 per tonne in Europe, although 
they have been much lower in recentmonths. 

In principle, Boucher says, the calculation 
is easy: saving a forest costs at least as much 
as a person would have earned cutting it 
down, And there will be additional costs for 
developing monitoring systems, administer- 
ing programmes and enforcing laws, many of 


which already exist. Such aspects could benefit 
from traditional international aid, especially as 
countries gear up. Brazil recently sent a special 
police unit into the Amazon as part ofan effort 
to bring illegal clearing under control — and to 
demonstrate its commitment to the problem. 

Others are looking at financing mechanisms, 
including some form of carbon insurance that 
could beactivated ifa project that had been paid 
for turned sour for any reason. New financial 
institutions wouldbe needed to link the global 
capital markets to people on the ground. Annie 
Petsonk, an attorney with Environmental 
Defense, a non-profit advocacy group in New 
York, says farmers might even be able to take 
outa project loan from “forest carbon” banks. 
“Could you use all of the learning that has been 
developed in the past 10-15 years in micro- 

finance?” sheasks. “Could you 
s; apply that to carbon?” 

But developed nations con- 
tribute to the emissions too. 
The expansion of palm-oil 
plantations in Indonesia, driven 
in part by European demand 
for biofuels, isa primary cause 
of deforestation. When it comes to timber, itis 
perfectly legal to ship illegally cut logs to the 
United States and Europe (although efforts are 
under way tochange that), Cattle ranching isa 
leading cause of deforestation in the Amazon, 
and two-thirds of Brazil’s beef goes to Europe, 
says Mitchell ofthe Global Canopy Programme. 
“Europe's markets are causing these emissions 
and, more and more, the developing worldis 

saying that it doesn’t want to be blamed” 

Buta well-designed and focusedprogramme 
could markedly affect global deforestation. 
More than half of the emissions from deforesta- 
tion come from two states in the Brazilian Ama- 
zon and one province in Indonesia, according 
toa preliminary analysis of deforestation trends 
between 2000and 2005 by the World Resources 
Institute and South Dakota State University in 
Brookings. Whether such a programme could 
garner the political will and international 
backing to succeed remains to be seen. 
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HIV'S ANCIENT LEGACY 
Lentiviruses may have 
vexed nonhuman primates 
formilions of years. 
www.nature.com/news 


Magnets touted as fix for fusion reactor 


Physicists and engineers are poised to deliver 
their proposals for resolving a serious design 
flaw in the flagship international fusion reactor 
ITER, which is overdue to begin construction 
in Cadarache, France. 

The €10-billion (US$15-billion) reactor 
involving seven international partners has been 
on the drawing board since the mid-1980s, but 
around five years ago it emerged that there was 
aworrying fault with the design. Violent bursts 
of energy are expected to rocket out of ITERs 
plasma core, threatening to damage the reac- 
tor. Whether and how to solve the problem is 
proving controversial, as any solution will cost 
and delay the project further. 

ITER aims to test the feasibility of fusion as 
an energy source. It will heat a plasma gas to 
around 100 million degrees so that heavy hydro- 
gen nuclei fuse to become helium, releasing 
energy. The project has been beset with delays, 
including Japan and the European Union squab- 
bling over the location, and partners such as 
the United States jumping in and out. By 2006, 
when all parties formally agreed to fund ITER, 
“they were blowing the cobwebs and dust off 
the design, while the science had marched on. 
Now they have to retrofit it’, says Rick Moyer, a 
plasma physicist at the University of California, 
San Diego. Moyer was one of those who discov- 
ered that the bursts — knownas edge localized 
modes, or ELMs — posed such a problem. 


Current loops 


Ata key meeting on 18 March, the work- 
ing group charged with solving the issue will 
deliver its recommendations for last-minute 
tweaks to Norbert Holtkamp, the project's 
construction leader. It is expected to call fora 
complex arrangement of magnets to dampen 
the effects of the ELMs. 

Experiments now suggest that, in ITER, 
these chaotic eruptions will occur once every 
second. Although they last only a microsec- 
ond, each eruption has power of 20 gigawatts 
—about the expected capacity of Chinas Three 
Gorges Dam. This energy needs to beabsorbed 
bya device called a diverter, or the walls ofthe 
tokamak — the doughnut-shaped vessel that 
contains the plasma — may be damaged. “This 
is like throwing a handful ofhand grenadesinto 
the diverter every second,’ says Todd Evans, a 
physicistat General Atomics in San Diegoand 
amember of the ELM working group. 


Magnetic solution 

Scientists have contained ELM bursts in smaller 
tokamaks using techniquecalled ‘pellet pacing. 
They inject frozen pellets of heavy hydrogen 
into the edge of the plasma, triggering smaller 


ITER scientists are considering 
installing magnetic rings 
(above) to limit the danger 

of violent plasma burststhat 
threaten the tokamak (left). 


ELM-like bursts. But experts are sceptical that 
any rate of pellet pacing — ITER scientists are 
considering rates as high as 40 pellets per sec- 
ond — could adequately dampen the ELMs. 
In 2006, Evans and Moyer and their cal- 
leagues came up with an alternative solution 
involving magnetic coils. ITER already depends 
on magnetic loops that keep the plasma tightly 
confined within the tokamak. But the research - 
ers found that they could suppress ELMs by 
adding a set of magnetic coils, shaped like pic- 
ture frames, in rings around the vessel (T. E. 
Evans et al. Nature Phys. 2, 419-423; 2006). 
The magnets seem to defuse the ELM bombs 
by allowing some energy to leak out, but not 
enough to threaten the critical density of the 
plasma core. It is like poking holes in a bucket, 
says Moyer. “We are just trying to bleed it?” 
But finding space to place the magnets 
within the tokamak has been a challenge. Last 
year, ITER scientists looked at putting them 
into 14 ‘port plugs’ — windows in the tokamak 
that were already factored into the design. But 
14 coils wouldn't be able to generate a strong 
enough field to reliably suppress the ELMs, 
and there was concern that the coils would 
interfere with the instruments that the ports 
were designed to use. 
In January, the researchers proposed a new 
arrangement: four rings of nine magnets. 
This suggestion was rejected after costs 
were estimated at €50 million, with 
construction delays of up toa year. 
Gary Johnson, deputy director-gen- 
eral of the tokamak, expects that the 
current option being considered 
— 27 magnets in three rings — 
will be less costly and incur fewer 
delays. The magnets would be 
placed alittle closer to the plasma, 
which helps with the suppression, 
They would also be easier to install 
— so purchasing the vessel can go 
ahead as planned, which is essential 
if the project isto be completed by its 
scheduled deadline of 2016. 

Johnson declined to say whether the 
ELM working group, which he heads, 
would endorse the 27-magnet proposal at 

the March meeting, saying that many options 
are available, including merely leaving space 
to add the magnets in the future. But Ned 
Sauthoff, director of the US ITER office at Oak 
Ridge National Laboratory in Tennessee, says 
he expects the working group will recommend 
the added magnets. . 
Eric Hand 
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Energy-saving boat 
A boat propelled solely 
by the up-and-down 


motion of waves is about to set 
sail ona three-month voyage 
from Hawaii to Japan. 


Energy-sappingday 
Britons used more 
power (0.1%) ina day 


than average during thenation’s 
first Energy Saving Day, when 
people were encouraged to 
switch off unnecessary electric 
devices. UK officials blamed the 
disappointing outcome on the 
cold weather — this was perhaps 
unsurprising for 27 February... 


ROBOT NEWS 


Unthinking slaughter? 
Artificial-intelligence expert 
Noel Sharkey has declared 
himself “really scared” of 
potential developments in 
military robots over the coming 
decade. Worrying, given that the 
University of Sheffield professor 
was one of the brains behind 
popular BBC TV show Robot 


WORDWATCH 


Planetary pedantry 
Ten-year-old Montana schoolgirl 
Maryn Smith has won a National 
Geographic competition to 

come up withamnemonic for 
thenames of the 11 recognized 
planets inthe Solar System, 

in order of orbital radius. Her 
effort, ‘My Very Exciting Magic 
Carpet Just Sailed Under Nine 
Palace Elephants’, will now be 
immortalized in song, although 
being a pedant, Sidelines would 
point outthat the Solar System 
has only eight proper planets 
(the other three being the dwarf 
planets Ceres, Plutoand Eris). 


‘Sources: Daily Telegraph, popsci.com, 
BBC, AssociatedPress 


Hobbit was ‘a cretin’ 


‘The ‘hobbit’ could be a cretin, Australian sci- 
entists say. But this latest assertion in the ongo- 
ing row over the identity of the small human 
skeleton found on the island of Flores in Indo- 
nesia is already being challenged — not least 
because the Australians used only cast images 
and never examined the actual skeleton. And 
they misinterpret a crucial skull component, 
according to three researchers who created 
casts of the remains. 

Peter Obendorf of RMIT University in 
Melbourne and his colleagues say’ that the 
cast shows an impression (called a fossa) of 
an enlarged pituitary gland at the base of the 
skull behind the nasal region. This, they say, 
is evidence that the skeleton is not from anew 
species (called Homo floresiensis) but froma 
H. sapiens with cretinism — a condition in 
which a person is born with a deficient thy- 
roid gland. Untreated, such people often have 
an enlarged pituitary gland as well as severely 
stunted growth and a small brain. 

‘The Australians call their idea “a tentative 
hypothesis’ although Obendorf says he thinks 
they “are on the right track”. They now are seek- 
ing access to the original specimen. 

But Dean Falk, an anthropologist at Florida 
State University in Tallahassee who was the lead 
author on the first analysis of the skull cast’, says 
that the pituitary fossa is small. “There isno way 
they can reach the conclusions they did,’ she 
argues. And Ralph Holloway, 
a neuroanatomist at Columbia 


“I'm the only person 


tienes peri : 
The stunted growth seen in cretinism may offer 
clues to the nature of the ‘hobbit remains. 


called microcephaly, in which the head is 
smaller than usual’. 

Palaeoanthropologist Peter Brown and 
archaeologist Michael Morwood, both of the 
University of New England in Armidale, Aus- 
tralia, stand by their proposal that the skeleton 
is a new species. Morwood notes that bones 
from 12 separate hobbits had been unearthed 
in the original Liang Bua cave, although so far 
only the one skull has been found. Brown is 
critical of the cretin theory. “I am the only per- 
son on the planet to have seen 
what’ left of the pituitary fossa,” 


University in New Yorkwhohas OMtheplanettohave he declares. “Itis very poorly 
acast created fromdata from the seen what'sleft of preserved and not capable of 
original skull, says that his model the pituitary fossa.” meaningful measurement” 


also shows a small pituitary. 

The disagreement highlights an often criti- 
cized practice whereby anthropologists exam- 
inesecondary sources and publish conflicting 
reports, which many think clouds the course 
to verifiable results. 

Since the discovery’ in 2003 of the skull and 
partial skeleton of H. floresiensis, the anthro- 
pology community has sprouted numerous 
theories to explain its characteristics. Just over 
1 metre tall, the 18,000-year-old creature hada 
brain one-quarter the size of modern humans 
and primitive skeletal features similar to those 
of earlier human relatives. Stone tools have also 
been found in the same cave. 

Indonesia's leading palaeoanthropologist, 
Teuku Jacob, then of the University of Gadia 
Mada in Yogyakarta, and his colleagues ini- 
tially analysed the bones and decided that the 
creature, known as ‘the hobbit, was in facta 
human who had a developmental disorder 


Last year, an Israeli team? 
published a report proposing that the hobbit 
had a growth disorder called Laron syndrome. 
Those authors also never examined the original 
skeleton and their report was branded “a joke” 
by Falk, who is preparing a rebuttal for presen- 
tation at the annual meeting of the American 
Association of Physical Anthropologists on 
9-12 April in Columbus, Ohio. 

With just oneskull, the row over whether the 
creature was a human witha congenital abnor- 
mality or anewspecies will probably continue 
for some time. . 
Rex Dalton 


1. Obendorf, . etal. Proc. R, Soc B do:10,1098/rspb,20071488 
(2008). 

2, Falk, D. etal Science 308, 242-245 (2008). 

3, Brown, P.et al. Nature 431, 1055-1061 (2004), 

4, Jacob, T. etal. Proc. Natl Aoad. Sci USA103, 13421-13426 
(2006). 

5, Hershkovitz, |, Kornreich, L. & Laron, Z, Am.J. Phys. 
Anthropol 134, 198-208 (2007). 


5 
3 
Fy 
s 


FLORES MAN 

Visit our special report from 
the time of the discovery. 
www.nature.com/ 
news/specials/flores/ 
index.html 


Nobel prizewinner’s paper retracted 


A paper in Nature co-authored by Nobel 
prizewinning scientist Linda Buck has been 
retracted after the researchers were unable 
to reproduce the results. The authors now 
report that they have found “inconsistencies” 
between the original data and the data pub- 
lished in 2001. 

The retracted paper (Z. Zou, L. E Horowitz, 
J.-P. Montmayeur, S. Snapper and L. B. Buck 
Nature 414, 173-179; 2001) describes tracing 
individual neural pathways from scent recep- 
tors in the nose through to the brain’s olfac- 
tory cortex. Researchers in Buck’slab, then at 
Harvard Medical School in Boston, Massachu- 
setts, produced transgenic mice that expressed 
a plant protein in neurons that have a specific 
odour receptor. The plant protein can travel 
across the junctions between neurons, allow- 
ing researchers to map neuronal networks by 
pinpointing the protein’ location. 

But researchers in Buck’s lab, now at the Fred 
Hutchinson Cancer Research Center in Seattle, 


Washington, have since been unable to repro- 
duce the original results. A subsequent review 
cast doubt on the validity of the published 
data. “There were inconsistencies in the data 
that were in figures contributed to the paper by 
the first author compared to the original data,” 
says Buck. “I would say that we have totally lost 
confidence in the conclusions of that paper.” 
A synopsis of author contributions, pub- 
lished together with the retraction (see 
page 120), lists co-first-author Zhihua Zou 
as solely responsible for providing data and 
figures for the paper. Zou, now a researcher 
at the University of Texas Medical Branch in 
Galveston, did not respond to Nature's requests 
for comment. Lisa Horowitz, who shared first 
authorship with Zou and continues to work in 
Buck’s lab, was credited only with providing 
reagents and designing experiments. 
Harvard Medical School has formed an 
ad hoc committee to review the retraction, and 
Buck has asked the Fred Hutchinson Cancer 


Research Center to review two later publications 
on which Zou was the lead author. “It’s disap- 
pointing of course,’ says Buck. “The important 
thing is to correct the literature.” The retracted 
paper has been cited 138 times, according to 
Thomson Scientific’s ISI Web of Knowledge. 

But the retraction will probably have only a 
minor effect on the field, says olfactory-neu- 
ron researcher Hitoshi Sakano of the Univer- 
sity of Tokyo, Japan. Other researchers have 
corroborated some of the paper's results using 
other techniques, he notes. Neuroscientist 
Gilles Laurent of the California Institute of 
Technology in Pasadena, whose work on insect 
olfactory networks has occasionally conflicted 
with the results reported by Buck’s lab, says 
that thishas not hindered his research. “These 
questions are sufficiently complexand require 
such large amounts of data at high resolution 
that I have never considered them convincingly 
resolved in any system,’ he says. ' 
Heidi Ledford 
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UK scientists keep access 
tothe Gemini telescopes 


Britain has reached an agreement that will 
allow UK astronomers continued access to 
the Gemini Observatory. 

In November, the UK Science and 
Technology Facilities Council (STFC) 
announced its intention to withdraw from 
the observatory — which has 8-metre 
telescopes in Mauna Kea in Hawaii and 
Cerro Pachon in Chile — because ofa 
budget shortfall (see Nature 450, 468; 2007). 
Subsequent negotiations to retain access to 
the Hawaiian telescope failed, raising fears 
that British astronomers would have no 
access to a large telescope in the Northern 
Hemisphere. 

But on 27 February the STFC announced 
that it would remain in the Gemini 
partnership. It plans to save money by 
selling a portion of its nearly £4 million 
(US$7.9 million) annual subscription for 
telescope time to other interested nations. 

“T welcome this announcement,” says 
Michael Rowan-Robinson, president of 
the Royal Astronomical Society. Dropping 
out, he says, would have been “very bad 
for the United Kingdom's reputation as an 
international partner”. 


Massachusetts gears up to 
boost cash for life sciences 


House lawmakers 
in Massachusetts on 
27 February passed 
abill that would 
provide $1 billion to 
lifesciences in the 
state over ten years. 
The state Senate is 
expected to take up 
the bill next week. If 
it passesas expected, 
Massachusetts will 
be behind only 
California and Texas 
in state dollars recently earmarked for 
biological research. 

The Massachusetts package features $250 
million in grants, including $25 million in 
paediatric stem-cell research training grants; 
$250 million in tax credits for life-sciences 
firms that promise to create jobs in the state; 
and $500 million for bonding for capital 
investments, including $90 million and $95 
million for building life-sciences facilities 
at the Worcester and Amherst campuses of 
the University of Massachusetts. Among the 
grant monies are $5.7 million fora stem- 
cell bank and registry at the University of 
Massachusetts Medical School in Worcester. 

Governor Deval Patrick introduced the 
measure last spring. 


Deval Patrick. 


Lunar pole is revealed in high resolution 


NASA has released 
radar pictures of the 
Moon'sscuth polar 
region — the best ever, 
witha resolution of 40 
metres, showing up the 
steep slopes and rugged 
topography (see right). 
Taken using the 
Goldstone Solar 
System Radar facility 
in California's Mojave 
Desert, the pictures 
could help NASA to 
find smooth, flat landing areas for future rovers, or suitable spots fora lunar base. The south polar 
region is of particularinterest because some areas, particularly those deep inside craters, arein 
perpetual shadow and may contain permanently frozen water that could be used as a resource. 
But the Goldstone pictures, released on 27 February, do nothing to resolve the debate about 


whether there is water ice buried beneath the surface because the radar wavelengths used 
(3 centimetres) do not penetrate the surface well and an analysis of the polarization of the 
retuming signalwasn‘t performed. Scientists hope that the Lunar Reconnaissance Orbiter, 
scheduledto launch later this year, will settle theice question. 


First of three contested 
stem-cell patents upheld 


Ina dispute over three stem-cell patents, 
Wisconsin Alumni Research Foundation 
(WARE) is claiming victory, after an interim 
decision from the US Patent and Trademark 
Office to uphold one of its patents. 

On 28 February, WARF said that the 
claims of a 2001 patent ona method 
for growing and sustaining cultures of 
embryonic stem cells had been upheld. The 
patent is one of three on work led by James 
Thomson of the University of Wisconsin. 
‘The other two cover methods for deriving 
primate embryonic stem cells — including 
human ones — and the cells themselves. 

In 2006, after critics challenged the 
patents on the basis that they were too 
broad and hindered the field of embryonic 
stem-cell research, the patent office said 
it would re-examine the three, The critics 
played down last week’s decision, saying 
that WARF has already limited its claims in 
the upheld patent, and that the other two 
patents are more important. Rulings on 
thoseare still pending. 


India to propose regulatory 
body to curb misconduct 


Indiais to consider creating a national body 
to investigate plagiarism and misconduct in 
science after a string of high-profile frauds. 
C.N.R. Rao, who heads the national 
science advisory committee, told Nature 
that he will discuss the proposal at his next 
meeting with Prime Minister Manmohan 
Singh, Rao was reacting to the news that Sri 
Venkateswara University in southern India 


is to reopen a massive fraud case involving 
chemistry professor, Pattium Chiranjeevi. 
Last month, Chiranjeevi was found guilty 
of plagiarizing or falsifying more than 70 
research papers published in a variety of 
‘Western scientific journals between 2004 
and 2007. Some of the journals have started 
retracting the articles. 


US$50 billion agreed for 
Bush's global AIDS plan 


Lawmakers in the US House of 
Representatives reached a key compromise 
last week clearing the way for a vote that 
could more than triple US funding to fight 
AIDS, malaria and tuberculosis. 

The bill renews the President's Emergency 
Plan for AIDS Relief, a$15-billion, five-year 
law created by President Bush in 2003. Its 
new incarnation would provide $50 billion 
over the next five years, with $9 billion of 
that earmarked for fighting tuberculosis 
and malaria, which often affect patients 
with AIDS, Crucially, it does not require, 
as did its predecessor, that one-third of 
HIV/AIDS prevention money be spent 
onadvocating abstinence. Instead, it asks 
countries to justify to Congress any decision 
to spend less than 50% of prevention dollars 
on promoting abstinence and faithfulness. 

The Senate Foreign Relations Committee 
is working on its own version of the bill 
aiming fora similar compromise on the 
abstinence language. 


Correction 
The Editorial Time totake control! (Nature 451, 
1030; 2008) failed to make it clear that Mark 
Grabowsky's assertion that “the billion-dollar 
malariaeffortis flying blind” relates specifically 
toa lack of disease surveillance. Apobgies 
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UNIVERSITY OF 


OXFORD 


Vice-Chancellor 


The University of Oxford is seeking a new Vice-Chancellor to succeed Dr. John Hood in the autumn of 2009. Working closely 
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in a regional, national and international context will be critical. 


‘To apply for this position, or to receive further particulars, please contact Gill Lewis or Benjamin Tucker, 
Heidrick and Struggles (UK) Ltd., 3 Burlington Gardens, London W1S 3EP. 


Email: oxford@heidrick.com Telephone: +44 (0)20 7075 4083. 
Closing date for receipt of applications is 20 March 2008. 
The University is an Equal Opportunities Employer 
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McGILL UNIVERSITY 
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The scientist delusion 


Religious resistance to science is often exaggerated, but fresh 


problems may lie ahead, says David Goldston. 


lecture last month with a slide amusingly 

titled “The View of Cosmology 1,000 
Years Ago (and In Present-Day Kansas)”. The 
joke, a reference to recent battles over teach- 
ing evolution in thestate of Kansas, was telling. 
Many scientists today feel that they are con- 
fronted with an ever more religious and irra- 
tional public in the United States that reflexively 
rejects the views of scientists. Butscientists tend 
to underestimate both the public receptivity to 
science and the battles that religious concerns 
may prompt in the years ahead. 

Itis true, of course, that the US population 
is far more religious than that of, say, western 
Europe, and this has created significant resist- 
ance to the acceptance of evolution in particular. 
Yet although a remarkably high percentage of 
Americans do not believe that humans evolved 
from earlier life forms — polls generally place 
the number at 40-50% — the figure has held 
relatively steady for at least a quarter ofa cen- 
tury. Moreover, those statistics mask a number 
of attitudes that are far more favourable to sci- 
ence. For example, a 2006 poll conducted fora 
science organization asked who the respond- 
ents would be “interested in hearing from” 
about evolution, creationism and intelligent 
design. The two categories that ranked high- 
est were scientists (77%) and science teachers 
(76%). Clergy ranked high, but 15 percentage 
points lower than scientists; and only half as 
many people were “very interested’ in hearing 
from clergy compared with scientists, 

Even the nature of the intelligent-design 
crusade reflects the high stature of scientists. 
Intelligent-design advocates try to sell their 
‘wares as science rather than religion partly as 
a legal gambit; the Supreme Court has ruled 
that religion cannot be taught in US public 
schools. But intelligent design is also framed 
as science because its purveyors know that sci- 
ence and scientists are held in high esteem and 
epitomize modern, forward-looking, hopeful 
aspects of US society. 

More generally, the United States is prob- 
ably becoming less religious, not more so. A 
new study by the Pew Forum on Religion in 
Public Life found that 16% of Americans say 
that theyare not part of any organized faith —a 
record high, although the study noted that the 
number includes many individuals who believe 
in God or are agnostic, Also, most Americans 


C osmologist Rocky Kolb began a public 
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do not belong to religions that have any doctri- 
nal quarrel with evolution. Some opposition to 
evolution is due as much to religious ignorance 
as scientific; most surveys find that Americans 
are not especially adept at answering specific 
questions about the Bible or theology. 

‘The point here is not that there's nothing for 
scientists to worry about or that they should 
cease their efforts to teach evolution. Butit is 
important for scientists to understand that they 
do not face a public inherently hostile to sci- 
ence (even among the relatively small percent- 
age who are fundamentalists), and that public 
attitudes towards both science and religion 
are complicated and often contradictory. Its 
not even clear what most people mean when 
they say they don’t believe that humans have 
evolved. Is this detail a matter ofsome concern 
to them, or is this just a casual way to say that 
they viscerally reject the notion ofa random 
Universe? Evolution is largely a symbolic issue 
to the public, and may bea poor measure of 
how religious attitudes affect the reception of 
science more generally. 

Recognizing the complexity of public atti- 
tudes, a number of scientists and other schol- 
ars are trying to develop language to discuss 
evolution in ways that might build bridges to 
the religious. These efforts were the subject ofa 
well-attended panel I moderated at last month’s 
annual meeting of the American Association 
for the Advancement of Science in Boston, Mas- 
sachusetts. Some panellists, in effect, advocated 
co-opting the language of religion. Forexample, 
Kenneth Miller of Brown University in Provi- 
dence, Rhode Island, the author of a leading 
textbook on evolution anda practising Catho- 
lic, talked about embracing the notion of life 


having a design, but explaining it as the result 
and embodiment of evolution. Others, such as 
Matthew Nisbet, acommunications scholar at 
American University in Washington DC who 
organized the panel, suggested moving the dis- 
cussion away fromscientific theory and talking 
about the medical and other benefits that have 
resulted from understanding evolution. 

No doubt all these approaches are worth 
trying, and the general message of the panel 
— that scientists should address the public 
with respect rather than contempt — is well 
taken. But the panel failed to grapple with two 
important facets of the way science and reli- 
gious attitudes intersect. 

First, battles over science in general, and evo- 
lution in particular, tend not toreflect concerns 
about science, but about society more gener- 
ally. Ever since Darwin there has been a small 
corps of people interested in attacking evo- 
lution, but noteworthy public crusades arise 
only periodically. They erupt most intensely at 
times when the culture is changing in ways that 
many find confusing and disconcerting — the 
Roaring ’20s, the 1960s and today. Scientists 
must continue to carry out their educational 
mission, but evolution will disappear from the 
headlines only when the whole constellation 
of social issues that animate the religious right 
recedes from public concern. 

Second, the panellists tiptoed around the 
fact that scientific discovery can genuinely 
undermine religious beliefs. The focus of the 
panel was on teaching evolution, but discover- 
ies in genetics and neuroscience are likely to 
be far more problematic in the long run. The 
two fields are verging on drawing the ultimate 
materialist picture of human nature — humans 
as nothing more than proteins and electrical 
impulses, all machine and no ghost, to play off 
Descartes’ formulation. This view will chal- 
lenge not only fundamentalist views about the 
soul, but more widely held notions about what 
itmeans to bea person. That will further com- 
plicate age-old questions about the nature of 
individual responsibility and morality. 

Responding to these issues will be difficult 
for scientists and non-scientists alike. New 
discoveries about the human genome and 
neuroscience will no doubt be clearly linked to 
potential medical advances, but they may also 
raise new questions about what kinds of inter- 
ventions are appropriate. The conundrums 
may leave even atheists longing for some 
theological guidance on howto decide what is 
moral. And wandering about this uncharted 
territory may make the well-rehearsed battles 
over evolution seem like the good old days. m 
David Goldston is a visiting lecturer at Harvard 
University’s Center for the Environment, Reach 
him at partyofonecolumn@gmail.com. 


The cosmos is thought to be awash with gravitational 
. waves to which humanity is, as yet, deaf. Trudy E. Bell 
reports on LISA, an experiment on an unprecedented 
scale designedto putthat right.  - 
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magine a new constellation — a narrow triangle about 

as deep as the scoop of the Big Dipper. But this constella- 

tion, unlike the familiar natural ones, moves through the 

sky, always appearing in the evening sky after sunset. The 
new constellation slowly rotates, each component circling 
around the centre once every year. Andas it does so, it also 
expands and contracts. 

Unaided earthly eyes will never actually see the Laser 
Interferometer Space Antenna (LISA), as this artificial con- 
stellation is to be named. Its three component spacecraft 
will be too small, and the light with which they shine will be 
invisible infrared. Unseen as itmay be, though, it will still be 
humanity's largest ever creation —5 million kilometreson 
aside. And the aspirations it embodies are similarly gran- 
diose. In 2018, or thereabouts, it will try to detect extraor- 
dinary cosmic events, such as the births of galaxies and the 
deaths of black holes, ina fundamentally new way. 

LISA is perhaps the most ambitious space mission 
envisaged for the coming decades. A recent assessment 
of astrophysics research proposed for NASA’s Beyond 
Einstein programme by America’s National Research 
Council (NRC)' gave the “extraordinarily original and 
technically bold” project its highest scientific ranking. 
Under joint development by NASA and the European 
Space Agency (ESA), LISAs goal is to detect gravitational 
‘waves — fluctuations in the fabric of space and time — by 
measuring the relative motions of three spacecraft with 
great precision. Although that assessment carried out by 
the NRC saw LISA as the “least scientifically risky” of the 
proposals for future flagship missions, there is no getting 
away from the fact that no one has ever tried anything 
remotely similar before. 

LISA is designed to measure the gravitational waves pre- 
dicted by Einstein's general theory of relativity. Relativity 
defines gravity in terms of the geometry of space and time; 
gravitational waves are transient fluctuations that stretch 
and compress that geometry. Although they have never 
yet been observed directly, indirect evidence for them was 
enough to earn a Nobel Prize. Over three decades Russell 
Hulse and Joseph Taylor, nowof Princeton University, New 
Jersey, observed a system in which two neutron stars whirl 
round each other once every 8 hours. Over the years, their 
spinning speeded up — evidence that the system was losing 
energy. The rate at which energy was lost matched exactly 
the power with which relativity predicted that the pair of 
stars would be emitting gravitational waves. 


Geodesics and gigantism 
Even when gravitational waves are generated by massive 
objects and ungodly accelerations, such as those involved 
in thatneutron-star doublet, detecting them requires almost 
unthinkable attention to detail. In relativity; the shape of 
spacetime is defined as the path taken by a body falling 
free under no influence but that of gravity — a ‘geodesic: 
Gravitational waves affect these geodesics, and can thus be 
detected; but only through careful comparisons. “You cannot 
demonstrate that one particle is freely falling and following a 
geodesic, explains Stefano Vitale, a physics professor at the 
University of Trento in Italy. “You must have two particles, 
and compare the shapes of their paths by exchanging a ray 
of light between them,’ The small amplitude of gravitational 
‘waves means that detecting them by comparing geodesics in 
this way requires immense precision. The long wavelengths 
of the gravitational waves that most interest astrophysicists 
means that the geodesics being compared must be separated 
from each other by astronomical distances. 

Using freely falling objects to spot gravitational waves in 


“We hope to 
use gravitational 
waves to peer 
through this dark 
fog to listen to 
the birth of the 
first galaxies.” 
— Scott Hughes 


this way, as LISA is intended to do, is a three-step process. 
Firstyou set up a situation in which masses can fall freely 
along their geodesics without being disturbed by magnetic 
fields or other spurious forces. Then you must measure 
with extraordinary precision how the distance between 
their geodesics changes when passing gravitational waves 
distort the local curvature of space. The last step is analysing 
these changes to determine the exact shape, frequency and 
intensity of the distortions to the curvature of space, so as to 
learn about the nature of distant events producing them. 

To provide Vitale’ geodesic-joining rays of light, LISA 
uses neodymium -YAG lasers, which shine at a wavelength 
ofa little more than a micrometre, a wavelength they stick 
to with extreme precision. These will illuminate cubes four 
kilograms in mass but just four centimetres on a side— pol- 
ished ‘test masses’ of gold-coated gold-platinum alloy as 
beautiful as fine jewellery and much more costly. The test 
masses respond to gravity and not much else. “The gold- 
platinum alloy has a magnetic susceptibility almost as low 
as glass,” explains Paul McNamara, an ESA project scien- 
tist in Noordwijk, the Netherlands. Once in space, the test 
masses’ sole purpose is to follow their own paths, each fall- 
ing freely along its geodesic within one of the LISA space- 
craft while reflecting the laser light with which the other 
spacecraft illuminate it. 

LISA will be arranged so that these geodesics are 5 mil- 
lion kilometres apart, with the spacecraft falling around 
the Sun 20° behind the Earth in the same orbit. That will 
put them about 50 million kilometres from their planet of 
origin. Once during every annual orbit the triangle will 
‘breathe’ its sides taking turns to grow and shrink by about 
50,000 kilometres. 


Hearing double 

LISAS spacecraft do not need to measure the exact distance 
between the test masses each contains any more than a 
police officer with a radar gun needs to know the exact 
distance to a car before he can tell whether it is speeding. 
The system's ‘breathing’ causes a predictable Doppler shift 
— similar to the lowered tone of a receding train's whis- 
tle, or the redshift ofa distant galaxy’s light — in the light 
reflected from the test mass in one spacecraft to the instru- 
ments in another when the distance between them grows, 
and an opposite shift on contraction. 

A passing gravitational wave will impose a variation on 
this predictable Doppler signal, because it will curve space 
between spacecraft and lengthen the route that the light 
connecting them has to take. Compared with the changes 
in the Doppler shift caused by the breathing, however, fre- 
quency changes due to gravitational waves happen much 
faster — over periods of between 10 seconds and 3 hours, It 
is here that the unprecedented precision of LISAs metrology 
will come into play. LISAs detectors will treat the infrared 
laser beam in the same way that an FM radio ina car treats 
aradio signal. An FM radio station transmits a steady high- 
frequency signal (typically around 100 megahertz, or 10° 
cycles per second) modulated by lower-frequency audio 
programming (in the kilohertz range, or about 10° cycles 
per second). A home or car radio receiver contains a local 
oscillator that generates a signal at roughly the same higher 
frequencyas the transmitter. Subtracting the signal received 
over the air from thelocal oscillator signal, a process called 
heterodyning, unmasks the much lower-frequency signal of 
the audio programming, That audio-frequency signal then 
drives the radio's speakers, 

Optical heterodyning within LISA, using the million- 
times higher frequencies of infrared laser light (about 
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LISA Pathfinder in 


300 terahertz — 3 x 10" cycles per second), will do much 
the same but with unprecedented precision. The incom- 
ing laser beam (as reflected off a distant test mass) will be 
combined with some light from the outgoing laser beam 
(treated as the reference signal) on a photodetector. The 
comparison will reveal the expected lower-frequency (1 
megahertz) ‘hum’ of LISAsregular breathing. Gravitational 
waves would show up asa modulation of that hum at really 
low frequencies (a millihertz, or 0.001 cycles per second). 
Using signal processing akin to that in satellite-navigation 
receivers, LISA will measure that low-frequency signal toa 
precision of a few millionths of a cycle, corresponding to a 
few picometres in distance. 


Finding the path 
Unsurprisingly, some wonder whether this wizardry can be 
pulled off in practice. Specifically, can external disturbances 
— for example, the solar wind and the radiation pressure of 
the Sun’ light — be understood and avoided well enough 
for LISA to achieve the sensitivity it needs? 

“The devil is truly in the details,’ cautions Robin Steb- 
bins, LISA project scientist at NASA's Goddard Space Flight 


artists' impressions 
with test masses and 
laser light revealed 
in cutaway (left) and 
reaching its Lissajous 
orbit (right). 


Meanwhile, back on Earth... 


LISAisnotthe only gravitational 
wave detector: thereare five laser 
interferometers at various stages of 
development and operation on Earth's 
surface, although they have yet to detect 
anything — and may never do so. The 
Laser Interferometer Gravitational- 
Wave Observatory (LIGO) consists 

of a pair of detectors in Hanford, 
Washington and a third in Livingston, 
Louisiana, in the United States. Geo — 
the nameiis simply a reminder that the 
detector is located on Earth — sits near 
Hannover, Germany. Virgo — not an 
acronym but the name of a constellation 
that contains a cluster of active galaxies 
predicted to bea major source of 
gravitational waves — is near Pisa, Italy. 
Tama is nemedafter a western suburb 
of Tckyo, Japan, where the detector 

is located. AIGO, the Australian 
International Gravitational Observatory, 
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is in Gingin near Perth, Western 
Australia. Because they are on Earth, 
these detectors are much smaller than 
LISA, witharm lengths that range from 
300 metresto4 kilometres, and thus 
are sensitive only to short wavelength 
(high-frequency) signals. Their 
sensitivity is impaired by seismic noise 
issues that LISA will avoid, although 
LISA has its own noise challenges. 
Ground-based detectors at current 
levels of sensitivity are not expected to 
detect gravitational wavesbecause of 
the rarity and weakness of the stellar- 
mass gravitational-wave sources found 
at high frequencies; however, planned 
improvements (spectfically Advanced 
LIGO, to be finished in 2013) will 
increase sensitivity by more thana factor 
of 10. At that point some high-frequency 
detections are expected — if the cosmos 
plays ball. TEB. 
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Center in Greenbelt, Maryland. “When doing precision 
measurements, an instrumentalist must estimate all pos- 
sible errors, verify in the lab that those estimates are cor- 
rect, and constantly search for errors that may have been 
overlooked. We have alist ofabout 50 physical phenomena 
that could disturb LISA’s test masses, of which perhaps 35 
are significant? 

Thereis, however, nothingas convincing as actually trying 
the technology out. That’s where LISA Pathfinder comes in. 
LISA Pathfinder, currently being assembled by contractor 
EADS Astrium in Stevenage, UK, is a spacecraft designed 
to demonstrate LISA’s underlying technologies: reflecting 
infrared laser beams off freely falling masses following 
their own geodesics, picometre metrology, and reducing 
unwanted disturbances to the test masses. “Flighthardware 
is being delivered almost every day for launch in 2010,’ says 
McNamara, who is LISA Pathfinder’s project scientist. 


Lissajous orbit 

LISA Pathfinder will be launched into an elaborate Lis- 
sajous (pronounced, by coincidence, “Lisa-ju”) orbit 
around the ‘L-1’ point 1.5 million kilometres sunwards of 
Earth, where the pull of the Earth and Sun mostly cancel 
each other out. “We want to get out of the gravitational 
pull of the Moon or away from the temperature drop of 
being eclipsed by Earth’s shadow,’ McNamara says. “L-1 
has constant solar power and constant temperature, and is 
relatively cheap to get to.” 

Once the spacecraft is in this orbit, two test masses just 
like those to be used in LISA will be gently released from 
the cages that have held them in place. This is no easy task; 
“A caging mechanism that would release the cubes with 
zero velocity was one of the toughest engineeringproblems 
— we've been working on it since ’94.” says McNamara. 
Once released the test masses, just like the ones in LISA, 
will fall freely along their own geodesics; only they'll do so 
separated by a few tens of centimetres, rather than a few 
million kilometres, 

The rest of the LISA Pathfinder spacecraft will serve to 
shield the masses within from several dozen forces that 
would otherwise disturb any measurements. Like a par- 
ent holding an umbrella over a childin a rainstorm, the 
spacecraft will follow the test masses without touching 
them, continuously correcting its position by firing micro- 
newton thrusters so gentle that their force is “the same as 
your breath from 200 metres away’, McNamara says. If 
Pathfinder can protectits test masses, leaving them to fall 


as freely as if they were the only things in the Universe, then 
LISA’ three spacecraft should be able to do the same. 

LISA Pathfinder — a single spacecraft with a 90-day mis- 
sion quite close to Earth — has a budget of €300 million 
($440 million). LISA itself — three spacecraft with a 5- to 
10-year lifetime, optical heterodyning equipment, deep- 
space communications and additional intricacies — is put 
at around US$2 billion. The cost is one reason why LISA 
is being pursued jointly by NASA and ESA, and why it has 
taken so long to get into space. “To get any mission into 
space, one must first convince the space community of its 
scientific value, because spaceis. zero-sum game, explains 
Karsten Danzmann, director of the Albert Einstein Institute 
in Hannover, Germany, and co-chair of the LISA science 
team. “In the early 1980s [when ideas for a mission such as 
LISA were first mooted] the astronomers and planetary sci- 
entists had neatly divided the cake. No one wanted to share 
the cake with the gravitational-wave physicists because it 
would mean getting a narrower slice. Also, no one at the 
time could see how to measure such small changes over 
such vast distances” 

LISA madeits first formal appearance in 1992, when ESA 
issued a request for proposals for medium-sized scientific 
missions and Danzmann and his colleagues — about half 
of them in the United States — proposed a version of the 
idea with six small spacecraft. The European agency had 
taken the lead because NASA was more focused on reper- 
cussions from the space shuttle Challenger accident and 
the faulty mirror aboard the Hubble Space Telescope. But 
by 1997, NASA and ESA were anticipating ajoint mission 
through coordinated studies of the concept thatare still 
under development today. 


Screaming stars 

So if LISA finally starts to resonate with the Universe's 
gravitational radiation at the end of the next decade, as 
is currently planned, what new science will be revealed? 
Making a presentation to the NRC panel last year, Scott 
Hughes, a physicist at the Massachusetts Institute of Tech- 
nology in Cambridge, provided a striking answer. Without 
warning, he played an audio recording of a tiger attacking 
and devouring a live monkey. As the monkey's screams 
echoed throughout the auditorium, “every primate in the 
room came to attention’, recalls Stebbins. 

Hughes was demonstrating just how much one can 
learn from sound as a way of emphasizing the extent to 
which LISAs unique output can be thought of in terms of 
noise, rather than vision. The analogy between LISA and 
human hearing “works surprisingly well’, he says. A pair of 
star-sized black holes spiralling into each other would be 
expected to radiate gravitational waves of frequencies in 
human audio range. Ifhuman ears were sensitive to gravi- 
tational waves, the final merging of the black holes would 
sound like a rising warbling that ends in a mouse squeak, 
if not quite a monkey scream. That final squeak is what 
gravitational-wave detectors on Earth are trying to hear (see 
‘Meanwhile back on Earth’). 

At the much longer wavelengths to which LISA is sensi- 
tive, merging supermassive black holes within star clusters 
would emita risingroar “more energetic than all the stars in 
all the galaxies’, Stebbins adds, And the source of the waves 
should be apparentthrough LISA rather as the direction of 
a tiger's kill is obvious toa listener in thejungle. Just as with 
two human ears, “you can tell roughly where a sound origi- 
nates, because the sound wave hits one ear before the other’, 
says Hughes, so the distance between the LISA spacecraft 
allows any waves that it detects to be traced back towards 


“Gravitational 
waves will throw 
open doorsto an 
entirely new and 
vast vista of the 
Universe.” 

— Peter Bender 
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theirsource. The three LISA spacecraft, 13 times as far from 
eachother as the Moon is from Earth, will be 17 seconds 
from each other at the speed of light — which is also the 
speed of gravitational waves. Time lags in the signals meas- 
ured across the different edges of the triangle should allow 
LISA to discern the approximate direction ofa source of 
gravitational waves, in part so radio and optical telescopes 
could take a look. Itis a triangle that triangulates. 


Theinfancy of the Universe 

LISA is expected to hear back to when the Universe was 
younger than a billion years old. “Half a billion years after 
the Big Bang was the cosmic dark ages, when the Universe 
was filled with neutral hydrogen gas that absorbed pho- 
tons,’ Hughes explains. “We hope to use gravitational waves 
to peer through this dark fog to listen to the birth of the 
first galaxies.” (In speech, LISA scientists go back and forth 
between auditory and visual metaphor.) 

Inaddition, there will be a constant background “hiss- 
ing and crackling” of higher-frequency gravitational 
waves from “20 million more ordinary white-dwarf star 
binaries that fill our galaxy’ Danzmann says. But there will 
be deeper tones, too— notably, the booming collisions of 
entire galaxies. LISAs sensitivity to such events is one reason 
for being sure there is something for LISA to hear. “There 
are supermassive black holes ofa million or 10 million solar 
masses in the centre of virtually every galaxy. And we see 
from photographs that galaxies are colliding everywhere,’ 
says Rainer Weiss, an emeritus physics professor at the Mas- 
sachusetts Institute of Technology. “So at the wavelength 
range of LISA, we know there are sources” 

The project's promise goes beyond astronomy into fun- 
damental physics. “Since the beginning of the Copernican 
revolution, astronomy has posed challenges to physics. And 
‘we've used physics tounderstand astronomical objects,’ said 
Charles Kennel, a former NASA associate administrator, 
now director of the Scripps Institution of Oceanography in 
San Diego, California, who served as co-chair of the NRC 
report. “LISA will be able to find merging black holes and test 
general relativity in the strong field limit? That’ a relativist’s 
term for situations where gravity is so powerful — thatis, the 
geometry of space is so sharply curved — that phenomena 
that cannot be observed in any laboratory, or by any observa- 
tions of nearby astrophysical objects, come into play. 

Relativity’s predictions about this limit could be tested, 
though, by observing how matter and the fabric of space and 
timeare wrenched apart near supermassive black holes in 
the centres of galaxies. General relativity predicts that when 
smaller black holes, with masses of ten times the Suns, fall 
into these much vaster monsters, the geometry of space and 
timeis also being wrenched and kinked in ways never seen 
anywhere more mundane — and the specifics of the gravi- 
tational waves given off should reveal the theoretical limits 
of general relativity. Only at the edges of masses capable of 
suchacts of cosmic cannibalism — second in violence only 
to the Big Bang itself — are gravitational waves anticipated 
to reveal the theoretical limits of general relativity. 

“People often say that gravitational waves will open anew 
window for astronomy,’ says Peter Bender, a physicist at the 
University of Colorado's institute JILA in Boulder. “More 
accurately, gravitational waves will throw open whole doors 
ontoan entirely new and vast vista of the Universe” sm 
Trudy E. Bell is the author of a dozen books on astronomy, 
space science, history and cycling. 
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nearthed last summer at an ancient 

crossroads in central Asia, two 

bronze lamps hark back to the 

Greek myth of the Golden Fleece. 
They come from the region once known as 
Colchis, in present-day Georgia, where Jason 
and the Argonauts are said to have searched 
for the precious wool’. The lamps also reflect 
the multitude of cultures that passed through 
the region — with an unusual intermingling of 
elephants, a woman's snake-wrapped torso and 
gods decorating their sides. 

The lamps, which date from between the 
third and first century Bc, are now bringing 
their story to the United States, wheretheyand 
other stunning Georgian antiquities will form 
the inaugural show at the newly opened $220- 
million Institute for the Study of the Ancient 
World at New York University (NYU). The 130 
artefacts include gold jewellery, bronze masks, 
sculptures and wine goblets, all dating from the 
last few centuries Bc. 

Butwhile the public admires the artefacts in 
the institute's gallery, many in the archaeology 
community are still sputtering over its financial 
creator — Shelby White, a wealthy New York 
connoisseur whose name has been linked with 
looted antiquities. Last month, she returned 
nine major artefacts to Italy, from where they 
were looted decades ago; a Greek vessel will 
also be returned in 2010. White has insisted 
that she had no knowledge of their illicit route 
to her world-class collection. 

‘The worldwide market for antiquities, which 
collectors such as White underpin, thrives on 
unprovenanced historical artefacts, sold to 
collectors as drawing-room ‘art or donated to 
museums as tax write-offs, Objects that move 
from the archaeological dig to the auction 
house are often lost to scientific study. Some 
observers even argue that, by raising demand 
for such antiquities, collectors are the real 
looters’. 


Objects and objections 

White is one of the most high-profile private 
collectors, as she regularly lends her artefacts 
to museums for display. That visibility has 
drawn extra scrutiny of her collecting hab- 
its. “She is an unrepentant collector, whose 
approach to the past I believe is misguided,” 
says Colin Renfrew, a British archaeologist and 
former director of the McDonald Institute for 
Archaeological Research at the University of 
Cambridge, UK. “I ook atanything she funds 
with suspicion” 

By chance, Renfrew will lecture next week 
at NYU’s main campus in Greenwich Village, 
where some senior members of the universi- 
ty’s anthropology department are similarly 
sceptical, Randall White, an NYU anthro- 
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Facing up to the past 


New York University is trying to establish a world-class 
archaeological institute — with funds froma philanthropist 
who has been linked to looted artefacts. Rex Dalton reports. 


pologist who studies Palaeolithic cave art and 
is no relation to Shelby White, notes that the 
new institute was created without the involve- 
ment of the anthropology department, one of 
the top dozen in the nation. He resigned in 
protest from NY U's Center for Ancient Stud- 
ies after university authorities accepted the 
$200-million endowment from Shelby White's 
foundation two years ago. In his resignation 
letter, he wrote that “NYU's acceptance of such 
supporttells the world we condone the collec- 
tion of unprovenanced antiquities that may 
have been clandestinely exported from their 
country of origin’. 

Others at the university are also distancing 


themselves. “The institute is built more around 
the interests of Shelby White,” says Fred Myers, 
chair of the anthropology department. “We 
werent involved in its development.’ Privately, 
a prominent department member voiced con- 
cerns that an affiliation with the institute might 
taint a career: “If we wanted to work anywhere 
in the world, we couldn't be associated with the 
institute” 

NYU spokesman John Beckman says that 
such an assessment “overstates” the campus 
rift. “There was wide consultation among the 
faculty about the establishment of the institute; 
he says. “The response was generally, but not 
universally, favourable.” 


INST. STUDY ANCIENT WORLD, NYU 


Jaw-dropping: this bronze portrait of Pan will form 
part of the inaugural showat the Institute for the 
Study of the Ancient World in New York. 


Despite — or perhaps because of — the 
doubts in the community, the institute has 
set about establishing itselfas an academic 
powerhouse in New York’s posh Upper East 
Side. Housed in a six-storey limestone town 
house built a century ago, the institute has 
offices for five initial faculty members, space 
for future analytical facilities, a conference 
centre anda library headed bya specialist from 
the American School of Classical Studies at 
Athens in Greece. A new doctoral programme 
is planned, hopefully to start in 2009. For its 
first faculty hire, the institute’ search commit- 
tee, which included Shelby White, recruited 
Roger Bagnall from Columbia University in 
New Yorkas director. An authority on ancient 
texts, Bagnall is widely respected for his schol- 
arship and professionalism. 

Last year, he created an advisory panel of 
half-a-dozen international authorities to begin 
hiring; it recruited Alexander Jones, a histo- 
rian of mathematics and astronomy who came 
from the University of Toronto in Canada. 
Jones, who will start asa fully tenured NYU. 
professor in July, says he was attracted by the 
centre’s cross-cultural nature. “The institute is 
very exciting because it isn't centred around an 
individual idea or culture, like many university 
departments,’ he says. 

“We wanted to create a place where differ- 
ent cultures could be studied to appreciate their 
interdependence,’ affirms Shelby White, whose 
former personal curator, archaeologist Jennifer 
Chi, is an associate director at the centre. “That's 
the underlying uniqueness ofthe institute.” 


Looking back 

For now, the institute's research mission has 
yet to be defined, beyond the general outline 
that it will focus on the time period from about 
3000 Bc to aD 1000. “Archaeology and history 
will be our core,’ says Bagnall. 

As the institute takes shape, White's shadow 
is ever-present. She is well-known in collec- 
tion circles for her work with her financier 
husband, Leon Levy, who died in 2003, They 
regularly lent parts of their private collection 
of antiquities to major museums, including the 
Metropolitan Museum of Art (the Met), just 
blocks away from the new NYU institute, Yet 
they have also received some of the most public 
criticism questioning the provenance of their 
artefacts, 

White herself has drawn fire for morethana 
decade. In 2000, President Bill Clinton nomi- 
nated her to sit on a panel meantto fight the 
trade in illegalartefacts, a decision that triggered 


an outcry from many archaeologists. The 
then-president of the Archaeological Institute 
of America, Nancy Wilkie, wrote that White's 
“collecting practices certainly would not meet 
with the public’ approval”, White's nomina- 
tion eventually died when President George W. 
Bush took office and dropped all of Clinton's 
nominees for such appointments. 

In recent decades the archaeological com- 
munity has fought back against looting, helping 
to craft new legislation to block trade in antiq- 
uities, launching interna- 
tional investigations, and 
even helping to close down 
some artefact auctions in 
London. Oscar Muscarella, 
an archaeologist at the Met 
who speaks out regularly 
on artefact provenance, 
says White and her husband seemed to live in 
the past, when collecting was seen more of an 
art initiative and less ofa force that drives illicit 
looting. Muscarella recalls his last talk with 
Levy. “I liked him as a person,’ he says. “He 
wanted meto be his curator. But read him the 
riot act on all the plundered stuff. He smiled, 
we shook hands and never spoke again.” 

‘Today, Shelby White remains active at the 
Met, where she is a benefactor and sits on the 
search committee to replace recently resigned 
director Philippe de Montebello. Renfrew, 
for one, says it is “amazing” that anymuseum 
would continue contact with anyone linked 
to questionable artefacts. “Instead of asking 
themselves how their policies could be so 


Shelby White (right) and Leon Levy's antiquities 
collection has been criticized by archaeologists. 


“The institute is very 
exciting becauseit 


isn'tcentred around an 
individual idea or culture.” 
— Alexander Jones 
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inadequate,’ he says, “the Met and some other 
museums are in denial” 

Coincidentally, similar issues have arisen 
recently in California, where last month 200 
federal agents raided four major museums, 
including the Los Angeles County Museum 
of Art, as part of acriminal investigation into 
smuggling and alleged tax-donation viola- 
tions involving artefacts from southeast Asia 
and Native American lands. A financier’s pri- 
vate museum outside Chicago wasalso raided. 
During the five-year probe, 
undercover agents tape- 
recorded a network of 
buyers, gallery owners and 
museum curators engaged 
in alleged scams — includ- 
ing purchasing smuggled 
artefacts and donating 
others to museums for inflated tax write-offs. 
Federal search warrants indicate that some 
museum officials knew the objects were looted 
and values falsely inflated. 

At the NYU institute's inaugural exhibi- 
tion, the Georgian artefacts have a much 
clearer history. They have mostly come on 
loan as part ofan arrangement worked out by 
David Lordkipanidze, director of the Georgian 
National Museum in Tbilisi. Lordkipanidze, 
renowned for his discovery‘ of early hominin 
fossils dating back 1.7 million years in Dman- 
isi, Georgia, says that he sees the exchanges 
as a way to advance studies in his homeland. 
Georgian conservators will receive training 
at the new institute. And in the catalogue for 
the upcoming show, he pays special tribute to y 
White, writing that her “unstinting care for the 
archaeology of antiquity providesan amazing 2 
example of leadership and demonstrates what 
philanthropy and public-private partnership = 
can do”. 

Most of the Georgian artefacts were on dis- 
play at the Arthur M. Sackler Gallery of the 2 
Smithsonian Institution in Washington DC 3 
until last month; they have been supplemented 
for the NYU opening with some new finds, 
induding candelabra, incense burners and the 
bronze lamps adomed with elephants. 

In the future, academic archaeologists will 
be watching closely to see how the institute 
evolves — particularly in terms of what antiq- 
uities can be exhibited or accessioned. If arte- 
facts with suspect credentials are showcased, 
the outcry is likely to be swift andsavage. 
Rex Dalton isa US West Coast correspondent 
for Nature. 
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Algal blooms can make life miserable for coastal dwellers and wreak havoc on marine 
ecosystems. Mark Schrope reports on Florida's efforts to predict these red tides. 


RED TIDE RISING 


3 January 2005, a fisherman work- 
ing 25 kilometres off the southwest 
coast of Florida noticed that the 
baitfish in his seawater tank were 
spinning and dying. He had seen this strange 
behaviour before, and knew thatit meant more 
than just a ruined fishing trip. He called the 
authorities to warn them, and within days a 
‘ted tide swamped the coast. In the weeks that 
followed, potentlevels ofan algal species called 
Karenia brevis flooded the water with toxins. 

Soon, tourists and residents alike were 
dodging beaches covered in dead fish anda 
salt spray that made eyes water and throats 
instantly raspy. Visits to hospital emergency 
departments spiked. Manatees, sea turtles, 
dolphins and other animals began to die; the 
scourge lasted for more than a year. 

Red tides occur around the world, from 
Europe to New Zealand, and are caused by 
blooms of similar algal species. Karenia brevis 
is, however, a particularly nasty one; its out- 
breaks have afflicted the coast of Florida since 
as far backas the 1500s, and now do so almost 
every year to varying degrees. The state and 
federal governments spend millions of dollars 
each year trying to research and monitor the 
outbreaks. Yet despite all the money and effort 
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put into developing sophisticated monitor- 
ing systems, for now the solitary fisherman 
offshore has as good a chance of catching the 
birth ofa red tide as a satellite does. 

“We have hada name for this [organism] now 
for decades, and we have evidence of humans 
coughing ever since [Hernando] de Soto took 
his trek around the Gulf of Mexico,’ says Bob 
Weisberg, an oceanographer at the University 
of South Florida (USE) in St Petersburg, “But we 
still dont have a good handle on what leads to 


abloom, what sustains a bloom, and ultimately 
what leads to the demise of a bloom.’ 

Weisberg and his colleagues are hoping 
to change that, with a new US$1.25-million 
Center for Prediction of Red Tides. The centre 
is a collaborative effort based at the USF's 
College of Marine Science, a series of low, 
non-descript, 1950s-era white buildings over- 
looking Tampa Bay. Its goal is to improve exist- 
ing models to explain more accurately andthen 
predict the complex progression of a red-tide 
bloom, Successful forecasts could, for instance, 
allow fishermen to scoop up shellfish before 
a bloom takes hold, warn businesses to brace 
fora drop in beach tourism or alert managers 
to which environmentally sensitive areas they 
should be monitoring most closely. “From an 
environmental-management standpoint, fore- 
casting gives us huge benefits,” says Cindy Heil, 
who leads work on red tides at the Florida Fish 
and Wildlife Research Institute in St Peters- 
burg, which provided the funds for the new 
centre and is a partner in the work. 

But monitoring and modelling Karenia are 
not simple tasks. The dinoflagellate, which 
has plate-shaped cells measuring 18-45 micro- 
metres across, is found throughout the sub- 
merged shelf that extends from west Florida 
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out to the deeper basin of the Gulf of Mexico. 
Physical models have to account for factors 
such as its ability to grow at various depths and 
in arange of salinities, and how ocean currents 
affect its spread and growth. “We have got to 
get the ocean currents right so that we can get 
the rest of it right, and the rest of it is alot more 
complicated, says Weisberg. 


Practical applications 

For years, Weisberg and his colleagues have 
maintained growing collection of open-ocean 
buoys from the southern tip of Florida up to 
the Florida panhandle. As well as these buoys 
—which may actually go offline soon, as their 
funding dries up — the team uses tools such 
as an ocean-bottom profiler that rises into the 
water column at programmed intervals, then 
sinks back to the bottom, measuring tempera- 
ture, salinity and currents as it goes. Weisberg’ 
group also uses two-metre-long autonomous 
underwater vehicles (AUVs) that can be pro- 
grammed to roam large swaths of the ocean 
gathering data. The data gathered with these 
tools are then combined with an evolving 
model developed by the US Navy to create a 
working physical model focused on red tides, 
but with numerous other applications. These 
include identifying favourable conditions for 
fishermen or for search-and- 
rescue efforts. 

In nearby Sarasota, col- 
laborators at the Mote Marine 
Laboratory have outfitted their 
own AUVs, and one USF buoy, 
with instruments dubbed ‘breve 
busters’. The breve busters are 
designed to detect the presence 
of Karenia and collect data that 
allow rough calculation of its 
concentrations. Still, says Motes 
Gary Kirkpatrick, “we are cer- 
tainly nowhere near what we 
envision as an operational sys- 
tem that can provide a quick 
look at where Karenia is or isn't 
ona minute-by-minute basis” 
Such capabilities, he thinks, 
could arrive withina few years. 

The work to understand the 
physical aspects of red tides, 
though, still has gaping holes: the physical 
models used do not incorporate any biol- 
ogy. They can track where a bloom is likely to 
spread on the basisof winds, currents, and the 
like, but they can’t account for the algae grow- 
ing, for instance, The group is now working 
to feed such biological factors into physical 
models retroactively, to see how well an out- 
put matches what actually happened, Such 
‘hindcasting’ allows the researchers to test 


theories about how blooms might 
be controlled. 

Like all dinoflagellates, Karenia 
has characteristics that blur taxo- 
nomic lines, which makes model- 
ling challenging. It is an alga, so 
it photosynthesizes, but like an 
animal it can also move under its 
own momentum, using structures 
called flagella. Much has been learnt about 
Karenia biology, such as how fast the cells can 
multiply and swim and what nutrients they 
need. The current challenge is to understand 
what fuels the transition to the bloom stage, the 
explosive growth that follows and the bloom’s 
ultimate demise. 

Normally, Karenia are foundin concentra- 
tions of about 1,000 cells per litre of water. 
Once the concentration hits 5,000 cells per litre, 
shellfish can become so contaminated with the 
toxins produced by the algae that they become 
off-limits for collecting and eating. A bad red 
tide can mean millions of cells per litre. 

Where the nutrients come from to sustain 
such a massive bloom, especially the nitrogen 
that usually limits Karenia’s growth, is one 
major unknown. The alga is unusual in that it 
can use organic and inorganic forms of nitro- 
gen, expanding the number of potential sources. 


Karenia brevis can photosynthesize like a plant, yet moves like an animal. 


Several possible explanations are being investi- 
gated, and morethan one of the possible nutri- 
ent sources could have significant roles. One 
idea is that dust carried from Africa by winds 
contributes iron, stimulating the growth ofthe 
bacterium Trichodesmium, which in turn con- 
yerts atmospheric nitrogen into more bioayail- 
able forms that support Karenia’, A more recent 
hypothesis is that nutrients from the Mississippi 
River drive cycles of plankton growth and 


“Every time 
we think we 


understand redtide 
it surprisesus.” 
— Bob Weisberg 
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nutrient recycling that, under 
the right wind and current 
conditions, eventually carry 
nutrients to the West Florida 
Shelf. Still another idea, 
supported by some initial 
hindcasting work, is that the 
early stagesofa bloom might 
be fuelled by bacteria such 
as Trichodesmium; then, as Karenia prolifer- 
ates, the fish it kills start to decompose, pro- 
ducing new nutrients to fuel the bloom’. “We 
do have testable hypotheses,” says Weisberg, 
“but likeany other complex problem in nature, 
every time we think we understand red tide it 
surprises us.” 


Nutrient pollutants 
Perhaps the most contentious explanation has 
been the idea that run-off from land is a major 
contributor to algal blooms. In Florida, one 
important source could be the nutrient-rich 
water that at times pours out of the Caloosa- 
hatchee River into the Gulf of Mexico during 
heavy rains and when managers release water 
from the massive Lake Okeechobee inland 
reservoir as a flood-control measure. Much of 
this water would once have been filtered by the 
Florida Everglades, but for decades now, 
much of it has been diverted 
via a canal to the river and on § 
to the sea, laden with nutri- g 
ent pollution from the cities 
and farms that portions of the 
Everglades were drainedto cre- 
ate. Fully addressing this prob- 
Jem would be a complex and * 
expensive prospect, affecting 
powerful lobby groups such as 
developers and sugar farm- 
ers, Still, some work is already 
under way, including the multi- 
billion-dollar Everglades resto- 
ration programme, which could 
eventually prevent much of the 
water from being released into 
the Caloosahatchee, although 
the work is many years from 
being completed. 
Environmentalists and 
researchers have charged 
for years that the state has not adequately 
examined the potential connections 
between run-off and algal blooms. As the 
state's red-tide leader, Heil has been a lightning 
rod for the dissent, sometimes accused of inten- 
tionally playing down a human contribution. 
‘The fact that red tides have occurred in the 
region for centuries makes it clear that humans 
don't have to be involved, But some research- 
ers, such as Larry Brand from the University of 
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Funding for buoys usedto monitorthe ocean could soon dry up. 


Miami, believe strongly that at least some of the 
time, the nutrients from the Caloosahatchee 
dramatically exacerbate the problem. Brand 
and his colleague Angela Compton recently 
reviewed a database of red-tide research since 
the 1950s and concluded that Karenia concen- 
trations have risen about 15-fold*. Heil doesn't 
dismiss the possibility, but says that limitations 
in the data set, such as sampling bias, hamper 
interpretation of the data. She becomes visibly 
shaken when discussing the review, which ana- 
lysed a data set compiled by Karen Steidinger, 
her long-time colleague and Karenia’s name- 
sake. “It’s hard to see her database misinter- 
preted,” says Heil. For his part, Brand says he 
has yet to see anything to convince him that his 
analysis wasn't sound. 

In work not yet published, Brand has also 
worked with a physical modeller to conclude 
that water from the Caloosahatchee could have 
driven some recent blooms. In other unpub- 
lished work, although the calculations are 
only rough, Brand also says that data he has 
collected through several years of sampling 
suggest that at times the amount of nitrogen 
making it from the river to the sea would be 
enough to support a bloom. 

Lee County, through which the Caloosa- 
hatchee flows, has helped fund some of Brands 
work,as officials there have been unhappy with 
the state's level of attention to the topic. The 
county also supported work by Brand’ collabo- 
rator Brian Lapointe, from the Harbor Branch 
Oceanographic Institution in Fort Pierce, to 
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study related ties between Caloosahatchee nutri- 
ents and recent massive blooms of red-driftalgae 
that periodically clog beachesin the area’, 


Backintime 

Lapointe says that research as far back as 
the 1950s showed a strong tie between the 
Caloosahatchee and red-tide 
blooms’, but was later ignored. 
Indeed, a 1962 report for the 
Army Corps of Engineers’ refers 
to the connection as a given. Heil 
and others say that the older work 
‘was set aside in large part because 
it was conducted before the view emerged that 
the red tides initiate 20-60 kilometres offshore 
— rather than around the river mouths, as was 
thought at the time. Brand argues that that is 
essentially a moot point in terms of manag- 
ing the problem. “The Caloosahatchee is not 
causing the blooms, so to speak,” he says, “but 
if we dump more nutrients in, then whenever 
conditions are right for a red tide [the nutri- 
ents] make it worse.” Heil allows that coastal 
inputs may indeed promote blooms. “Some are 
natural probably, and some are not,’ she says. 
Her main argument, for which she has been 
criticized, is that there simply aren't enough 
data to settle the question. 

At one point, the local branch of the envi- 
ronmental group the Sierra Club considered 
filing a lawsuit against the state to try to force 
more research into the purported link between 
run-offand red tides, but has since decided not 


“Forecasting gives 


us huge benefits.” 
— Cindy Heil 


to. “We have moved past those points of real 
serious contention on those issues — we have a 
much more collaborative relationship now? says 
Stuart Decew, the clubs red-tide campaign leader. 
“Although we could still doa great deal more 
to fully answer questions the public is asking” 

Decew says encouraging recent develop- 
ments include nearly $5 million in new fund- 
ing on the nutrient issue from the National 
Oceanic and Atmospheric Administration, 
and acomprehensive Florida red-tide review 
released last August by anew Marine Policy 
Institute at the Mote Marine Laboratory*. 
Among many conclusions and recommenda- 
tions, the report acknowledged the extreme 
difficulty of reliably pinpointing the nutrient 
sources for blooms, but suggests that available 
data warrant action to reduce nutrient inputs. 

Weisberg laments that red-tide research isn't 
further along, which he believesis at least partly 
due to state- and federal-level funding and 
research decisions being driven more by politics 
than bya comprehensive, science-based plan. 
“T think we can proceed with a lot more speed 
and efficiency if the agencies kind of changed 
their ways,” he says. “I don't know how to say 
that nicely. The problem is not just here, but 
everywhere around the United States.” 

Heil has high hopes for what will be accom- 
plished in the coming years. “We're at that stage 
where we're progressing fairly rapidly,’ she says, 
“and [the Center for Prediction of Red Tides] 
is the first step in trying to transition all these 
research products to management.” Although 
unravelling the factors that 
drive theblooms, and putting 
technologies in place to 
monitor them better, pose 
significant challenges, she 
and Weisberg are optimistic 
that the work will lead to the 
ability to forecast the rise and fall of blooms, 
long before the fishermen see their baitfish 
doing death spins. “That's where we're head- 
ing,’ says Weisberg, “It may take a while to get 
there, but this is the starting point” . 
Mark Schrope is a freelance writer on Florida's 
east coast who wheezed this winter through 
aredtide. 


1. Muhholland M.R, Bernhardt, P.W, Hell,C. A, Bronk, 
D.A.&ONel J. M, Lindl. Oozanogr. 51 1762-1776 
(2008). 

Stumpf, RP, Litaker R, W, LanerolleL. & Tastes PA 

Cont. Shelf Pes, 28,189-21 (2008), 

Walsh J.J etal. Geophys Res. Mi, C11003 (2006). 

Brand, L.E.§& Compton, A. Harmful Algae 6, 232-252 
(2007). 

Lapointe, B.E. & Bedford, 8.J, Harmful Algae 6421-437 
2007). 

Slobodkin,L,B.J. Mar Res. 12, 148-155 (1953). 
‘Report tothe District Engineer lacksomvle District, US Army 
Cons of Engineers Ser. no.33 (1962). 

Alcock, F. Mote Marine Lab, Tech, Rep. 1190 (Mote, FL, 2007), 


fh ae Be 


Chemistry podcast from nature 


Fourth chemistry podcast now live 


In the January/February 2008 show, we find out how DNA is 
helping researchers build crystals out of nanoparticles, discover 
a clever chemical trick for manipulating uranium, explore the 
controversial field of DNA conductivity and talk to chemist 
Bruce Gibb about re-building life and lab after hurricane Katrina. 


Free to download, listen to it today! 


www.nature.com/chemistry/podcast 


Sponsored by Oe. 
se nature publishing group g 
SIGMA-ALDRICH 


CORRESPONDENCE 


Who stands to lose from 
double-blind review? 


SIR— Why do journals expect scientists to 
use double-blind methods in their research, 
but refuse to apply a double-blind approach 
in evaluating that same research? The 
Editorial ‘Working double-blind’ (Nature 451, 
605-606; 2008) addresses this long-standing 
puzzle, arguing in defence of the current 
system of single-blind review. 

This echoes the attitude of most journals 
over the years. The reasons offered in support 
of this stance have gradually mutated with 
time — from the burden of removing author 
names, through the inefficiency of masking 
author identity, to the potential downsides of 
author anonymity. The underlying attitude 
has remained fundamentally unchanged. 

‘This makes me wonder whether the 
invariable position of leading journals 
on double-blind review may in fact be the 
result of an invariable reason, the mention 
of which is consistently avoided. To venture 
a guess: could that reason be pressure 
from prominent members of the research 
community who are opposed toa system 
inwhich they cannot fully rely on the benefits 
of their reputation? 

Boyan K. Garvalov 
Max Planck Institute of Neurobiology, 
Am Klopferspitz 18, 82152 Martinsried, Germany 


Double-blind review: the 
paw printis a giveaway 


SIR — In your Editorial ‘Working double- 
blind’ (Nature 451, 605-606; 2008), you 
suggest that authors may be vulnerable to bias 
ifreferees guess their identities — for example, 
bias about their previous work, their gender, 
their nationality or their being new toa field. 
A high reputation could inhibit impartial 
assessment, although this bias is more likely 
to disarm than antagonize a reviewer. 

The days when the gender or the 
nationality ofa scientist could always be 
ascertained by her/his name are long gong; 
for example, try guessing my gender or 
nationality. I have met people from anon- 
European background who thought that the 
French name Jean-Marie was a female name. 

Anauthor (oran entire team) embarking 
on a new area of research is easily spotted: the 
bibliography will contain no or few references 
to previous works by the author(s) ofthe 
paper under review. Scientists who frequently 
refer to their own work are readily identified; 
one does not have to be a Newton to be 
recognized by one’s paw prints (Nature 333, 
592; 1988), Double-blinding will not curb 
excessive self-citation because those who 
succumb to vanity know that they will be 
recognized anyway. 
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Regarding the open sharing of information, 
readers ofa paper could benefit not just 
from the published paper, but also from 
the referees’ reports if these were pithy 
and incisive. 

Once upon a time, some journals 
appended to each paper the comments and 
the names of the reviewers. How about 
adopting thisas an alternative to double- 
blind review, and rewarding scholars 
forall their contributions, original as 
wellas critical? 

K.RaziNaqvi 

Department of Physics, Norwegian University 
of Science and Technology, N-7491 Trondheim, 
Norway 


Double-blind review: easy 
to guess in specialist fields 


SIR —I work ina field, replicon dynamics 
in microbes, in which the cooperation-to- 
competition ratio is, I would guess, relatively 
high. Subject, technique, citation habits and 
writing style would subvert more than 80% 
of attempts to conceal author identity, just 
as authors guess referee identity correctly 
in about 50% of cases. Idoubt whether 
double-blinding, as discussed in your 
Editorial ‘Working double-blind (Nature 
451, 605-606; 2008), would be worth doing 
in sucha situation, 

[sit really just at the journal-reviewer 
interface where reputation works most 
insidiously? One hears of big names stamping 
their foot over the telephone to intimidate 
editors into acceptance. Even if such tactics 
are occasionally tried, author-editor 
anonymity is too impracticable to consider 
as a corrective measure, 

DavidLane 

Laboratoire demicrobiologie et génétique 
moléculaires, CNRS, bat. BCG, 118 route de 
Narbonne, 31062 Toulouse, France 


Double-blind review: let 
diversity reign 


SIR — The aim of blinding in peer-review is 
to improve the quality of reviews by removing 
any bias that might arise from knowing the 
identity of the authors. As your Editorial 
‘Working double-blind’ (Nature 451, 605- 
606; 2008) acknowledges, reviewing is not 
genuinely blind. You cite a study in which 
blinded reviewers identified at least one 
author on some 40% of papers (M. K. Cho 
etal. J. Am. Med. Assoc. 280, 243-245; 1998). 
‘The recognizable authors were presumably 
well-known, and anecdotally, these are the 
authors favoured by single-blinding. So the 
effect of double-blinding may be to increase 
the bias towards well-known researchers, 


We need definitive data on this score. 
Meanwhile, journals are plentiful and varied 
and (although most use single blinding) they 
offer a choice from totally open to double- 
blind reviewing. Switching to a different 
practice might help some journals to attract 
good manuscripts from scientists influenced 
by the type of review process. 

Diversity is rated highly in ecology and 
economists lecture us about the benefits 
of free markets. Why not apply the same 
norms to the way we decide which papers 
to publish? 

Bob O'Hara 

Department of Mathematics and Statistics, 
PO Box 68 (Gustaf Halistrémin katu 2b), 
FIN-00014 University of Helsinki, Finland 


Readers’ comments on double-blinding are 
welcomed at http://tinyurl.com/2bzmvyj. 


Tibet's seeds must be 
stored as climate changes 


SIR — The Tibet-Qinghai plateau isan area 
where climate change may have huge effects 
as glaciers retreat, leading to large decreases 
in water supply in the mega-rivers of India, 
southeast Asia and China by the middle of 
the century. For the 6,000 or more species of 
higher plants, including the widely admired 
Himalayan alpines, the effects will be even 
more severe as vegetation zones move 
upwards by several hundred metres. The 
movement of regions suitable for growth 
will be followed, not accompanied, by the 
vegetation suited to them, increasing the 
risk of extinctions. 

In Tibet, few of the practices adopted in 
many other countries are in place. Although 
there are 38 nature reserves, covering a third 
of the country, there are no botanical gardens. 
The preservation of seeds of Tibetan plants is 
virtually non-existent. The Millennium Seed 
Bank at Kew in the United Kingdom stores 
seed from only three Tibetan species, and 
China’s largest seed bank, the Southwest 
China Germplasm Bank of Wild Species in 
the Kunming Institute of Botany, has none, 

We and researchers at other institutions are 
addressing this gap. We hope we'll be in time. 
W. John Cram*, Yang Zhong?, Tashi Tersingi, 
JieCaill 
“China-UK HUST-RRes Genetic Engineering and 
Genomics Joint Laboratory, Huazhong University 
of Science and Technology, Wuhan, Hubei 
430074, China 
{School of Life Sciences and Center for 
Evolutionary Biology, Fudan University, 

Shanghai 200433, China 

tInstitute of Biodiversity Science and Geobiology, 
Tibet University, Lhasa850000, China 
||Millennium Seed Bank Project, Royal Botanic 
Gardens, Kew, Wakehurst Place, Ardingly, West 
Sussex RH17 6TN, UK 


Duplication: stop favouring 
applicant with longest list 


SIR— The issue discussed in Mounir Errami 
and Harold Garner's Commentary‘A tale of 
two citations’ (Nature 451, 397-399; 2008) is 
areal problem, although I don't believe there 
are more duplicate papers than 10 years ago. 
This problemwill only go away if grants and 
jobs are no longer given to those with the 
longest publication record. 

Alternatives? Ask applicants to select their 
best three, five or ten papers. 
Martin Fenner 
Department of Haematology, Haemostaseology 
and Oncology, Hannover Medical School, 
30625 Hannover, Germany 


Duplication spreads the 
word toa wider audience 


SIR— Self-plagiarism seems to bean 
endemic phenomenon in biomedical 
journals, according toa recent Nature News 
discussion (http://tinyurl.com/2fenfg) of the 
Commentary A tale of two citations’ (Nature 
451, 397-399; 2008). Classical examples 
include redundant publication, duplicate 
publication and text recycling. Butis self- 
plagiarism really a bad thing? 

We should try to disseminate scientific 
knowledge to the largest audience possible 
in order to help people solve their problems. 
This principle should be constrained only by 
legal issues such as copyright — not by ethical 
norms and/or constraints that violate this 
humanistic principle. 

Some argue that self-plagiarism represents 
ethical misconduct: for example, duplicated 
data can affect meta-analyses and waste 
precious publication space. But self- 
plagiarism is currently nota legal issue; it 
does not meet the US Public Health Service 
research misconduct standards. 

As editor of an international journal, 

The Journal of Cognitive and Behavioral 
Psychotherapies, I believe that a 
comprehensive ban on self-plagiarism 
is a fundamental error. 

The reader assumes, unless told otherwise, 
that the text is written by the author, and that 
itisnovel and accurate. | believe that ethical 
writing in relation to self-plagiarism should 
be defined by: full disclosure if the new 
and/or derivative work incorporates text 
previously published; citing the old work in 
thenew;and ensuring that there isno 
violation of copyright law. 

If duplication of content within these 
constraints helps the author to reach anew 
or larger readership, and/or iftext recycling 
within these constraints helps to present 
the same idea more accurately across 
several publications, they become 


legitimate conduct. Efforts to suppress the 
dissemination of scientific knowledge 

by overregulation call to mind the 
Inquisition, which was established to prevent 
spiritual wrong-doing in the Middle Ages, 
Daniel David 

Babes-Bolyai University, 

No. 37 Republicii St, 400015, 

Cluj-Napoca, Romania 


Duplication and plagiarism 
increasing among students 


SIR — Mounir Errami and Harold Garner 
make the point in their Commentary (Nature 
451, 397-399; 2008) that plagiarism in 
scientific writing is on the increase. Ready 
access to electronic copy makesit easy to snip 
out that handy phrase that encapsulates a 
thought, or that neat introductory paragraph, 
and then why not the whole section, and so 
on. We have all been tempted. 
Undergraduates regularly expropriate 
whole articles from Wikipedia. Theyare not 
scared by anti-plagiarism software, as they 
knowit is not routinely applied. As today’s 
undergraduates will become tomorrow's 
researchers, the problem can only get worse. 


Asa referee who is used to reviewing 
papers in particular niche areas, I have 
occasionally identified duplicate or seriously 
overlapping content in manuscripts, often 
intended for high-profile journals. In one 
instance, I received almost identical papers 
for review and in another I received a 
duplicate of an online pre-publication paper. 
‘The authors cannot be named, as that would 
violate referee confidentiality, but they were 
from well-known institutions in the 
developed world. 

‘What these duplications had in common 
(apart from the text!) was that the authors 
were relatively junior and newly appointed. 
Younger academics seem to feel under a 
great deal of pressure to publish, In my 
own institution, I believe that my younger 
colleagues place an unhealthy emphasis on 
impact factor when considering where to 
publish their work. 

How to prevent plagiarism? Journal 
editors must refuse plagiaristic pieces and 
explain why, Identification of duplication 
post-publication should lead to high-profile 
withdrawal of the papers by thejournal 
that was misused. Plagiarism should be 


CORRESPONDENCE 


identified as a disciplinary offence in the 
employment contract of academic and 
research staff. 

Brian Derby 

School of Materials, University of Manchester, 
Grosvenor Street, Manchester M17HS, UK 


Duplication: most cases on 
database are innocent 


SIR — In a super-egotistical response to the 
Commentary about duplication (Nature 451, 
397-399; 2008), I decided to check the Déja 
vu database (http://spore.swmed.edu/dejavu) 
to see whether anybody was copying my data. 
A search for “Brennan, P” revealed 31 
citations, butthis came as no surprise, 
because my name is quite common. However, 
Iwas more surprised when I wentthrough 
the list and found only two significant 
incidents of plagiarism. This indicates a 93% 
false-positive rate for genuine duplication on 
my small sample. The Commentary authors 
themselves report a false-positive rate of 
27%, after manually checking a much larger 
sample of 2,600 entries. 

Some false positives could be excluded 
with a little effort. Four of the 31 articles were 
a series — more ofa rarity today, but quite 
common in the past; sometimes the word 
‘part’ appears in the title, so these could be 
excluded, Seven of the 31 were clinical 
updates and four were updates of reviews or 
opinion pieces. However, reviews and clinical 
trials are indicated in Medline and could 
probably be excluded from analysis. Clinical 
updates are often three or more years apart 
but have similar authors; the Déja vu 
database has a ‘time lag’ field that can help to 
identify this type of duplication. 

Errami and Garner ask whether it is 
reasonable to publish the same information 
in different languages, enabling a piece of 
work to reach different audiences. In terms 
of promoting good practice in medicine or 
other fields, local languages are important. 
These could be excluded within Medline. 

Of the remaining articles I uncovered, 
there were one-offexplanations; research 
onsimilar and related topics that seemed 
like duplicates butwere, to me, distinct; 
re-publication of an article with corrections; 
and one example of an administrative error 
causing the journal to publish thearticle 
twice. One reprintwas an homage to classic 
citation with permission. The Déja vu 
database's tagging system is too simple to 
differentiate all of these contributions. 

Paul Brennan 

Medical Biochemistry and Immunology, 
School of Medicine, Cardiff University, 
Heath Park, Cardiff CF144XN, UK 


Join in the duplication debate at http:// 
tinyurl.com/2koto4. 
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Physics to Bragg about 


The first joint biography of the father and son who developed X-ray crystallography. 


| Colt f 
by John Jenkin 
Oxford University Press: 2007.474 pp. £35 


William Bragg and his son Lawrence Bragg 
shared the Nobel Prize in Physics in 1915 for 
their joint development of X-ray crystallog- 
raphy. Lawrence was then 25 years old, and 
remains the youngest scientist to win a Nobel 
prize. X-ray crystallography transformed 
molecular structure determination in the 
physical and biological sciences, and both 
Braggs went on to long and successful careers 
in their respective laboratories and as public 
spokesmen for British science. 

Beyond the usual obituaries and reminis- 
cences, surprisingly little has been written 
about this unusual father-son scientific team. 
William Bragg is the focus of an affectionate 
but partial biography by his daughter, In 2004, 
Graeme Hunter wrotea much more substantial 
biography of Lawrence Bragg. John Jenkin's new 
bookis the first joint biography of the two men, 
which puts their work on X-ray crystallography 
into a familial, as well as a scientific, context. 

Born in 1862, William Bragg studied math- 
matics at the University of Cambridge, UK. In 
1885, he was appointed professor of mathemat- 
ics and physics at the University of Adelaide in 
Australia, where he became a key member of 
the nascent intellectual community in South 
Australia’s capital. He married into the colo- 
nial élite, and began to establish both a family 
— Lawrence was born in 1890, Robert Charles 
in 1892 and Gwendolen Mary in 1907 — and 
his scientific career, 

Williams first research, on radioactivity, 
brought him into contact with Ernest Ruther- 
ford and other luminaries of the new physics. 
Working in antipodean isolation, Bragg relied 
on advocates in the European and North 
American research communities to engage 
with and promote his work. His controversial 
‘neutral pair’ interpretation of X- and y-rays 
involved him in debate in the pages of Nature 
and elsewhere in 1908. This brought him to 
wider notice and back to Britain. In 1909, he 
‘was appointed professor of physics at the Uni- 
yersity of Leeds, UK, where he continued his 
research on radiation, 

Educated initially under his father’s auspices 
at the University of Adelaide, Lawrence Bragg 
then studied maths and physics atthe University Professional interactions between Lawrence Bragg (top) and his father (bottom) were often fraught. 
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of Cambridge, UK, followed by research work 
there in J. J. Thomson's Cavendish Laboratory 
on the eve of the First World War. During this 
period, Lawrence and his father drew on work 
by Max von Laue and others to develop the 
theory and technique of X-ray diffraction. Their 
pioneering research on crystal structures, and 
thereby the Nobel prize, followed. Neither Bragg 
travelled to Stockholm to collect their prize as 
both were involved in war research: William 
worked on submarine detection, Lawrence 
on sound ranging. They were the lucky ones; 
Robert Bragg died at Gallipoliin 1915. 

The crystallography workis the climax of 
Jenkin’ detailed account of the Braggs early 
careers. The bulk of William and Lawrence 
Bragg, Father and Son focuses on the family’s 
life in Australia. Jenkin, himself from Adelaide, 
has assiduously mined Australian and British 
archives and gives us a wonderfully rich picture 
of the Braggs in Adelaide — a useful correc- 
tive to later UK-centred accounts. Although 
only one of the 19 chapters is devoted to the 
prizewinning collaboration, Jenkin draws on 
unpublished material to throw some new light 
on this work. 

Despite a slight tendency to romanticize the 
Braggs, Jenkin deals effectively with the diffi- 
culties of being on the geographical margins of 
aresearch community and of establishing cred- 
ibility from a position of intellectual isolation. 
Brief comparisons with analogous academ- 
ics working in other fields might have added 
a broader sense of perspective here, He also 
opens for debate the issue of relations between 
father and son over the allocation of credit for 
X-ray crystallography. Lawrence seems to have 
felt unjustly treated, and professional and social 
contacts with his father were often fraught. 
Again, a comparative study — on the atomic 
physicists J. J. Thomson and his son George 
Paget Thomson, for example — might have 


helped us to get a better sense of the validity of 
Jenkin’s argument. 

In 1915, William accepted the professorship 
of physics at University College, London, from 
where he hoped to playa more prominent part 
in national scientific administration. In 1923, 
he became director of the Royal Institution. 
There, he oversaw the growth of X-ray crys- 
tallographic research and what is now called 
public engagement until his death in 1942. He 
‘was one of the most prominent spokesmen for 
science in the interwar period, and president of 
the Royal Society between 1935 and 1940. 

Notwithstanding its early brilliance, most 
of Lawrence's career came after the events 
described in the book. In 1919, he succeeded 
Rutherford as professor of physics at the Uni- 
versity of Manchester, UK, and created his own, 
research school to study the X-ray crystallogra- 
phy of inorganic molecules. After a brief period 
as director of the National Physical Laboratory, 
UK, he again followed Rutherford to become 
head of the Cavendish Laboratory. There, he 
encouraged the efflorescence of molecular biol- 
ogy; which led to the elaboration of the struc- 
ture of DNA in 1953. 

Given all this, and his emphasis on the 
father-son relationship, it isa pity that Jenkin 
squeezes the entirety of the Braggs’ post-1920 
careers into two short chapters, and that he 
chooses to use his briefepilogue to quarrel with 
Hunter's recent interpretation of Lawrence's 
relationships with his parents. Perhaps there is 
scope fora follow-up volume dealing more fully 
with the Braggs later careers and the elabora- 
tion of Jenkin’s views of the darker side of this 
‘extraordinary collaboration: a 
Jeff Hughesis senior lecturerat the Centrefor 
the History of Science, Technology and Medicine, 
University of Manchester, Manchester M13 9PL, 
UK. He is author of The Manhattan Project: Big 
‘Science and the Atom Bomb. 


Climate change for the masses 


The Hot Topic 

By Gabrielle Walker and David King 
Bloomsbury: 2008. 309 pp. £9.99 
Harvest Books: 2008. 288 pp. $14.00 


David S.Reay 

Two years ago, I wrote in these pages about 
the need for a book on climate change that 
could engage millions, equivalent to the 
forceftlness and accessibility of Rachel Car- 
sons classic Silent Spring. Since that time, the 
Stern Review, the Fourth Assessment Report 
from the Intergovernmental Panel on Climate 
Change and Al Gore’s An Inconvenient Truth 
have joined the groaning shelves of works 
about global warming. Public awareness of 
climate change is soaring, and political par- 
ties increasingly vie for the greenest ground. 
So do we really need yet another mass-market 


climate-change book? When it is this good, 
unequivocally yes. 

Misinformation and unsupported statements 
abound on both sides of the debate. Myriad 
shades of green advice on planet-friendly liv- 
ing compete for our attention with end-is-nigh 
hyperbole and diatribes from climate sceptics. 
The Hot Topic has an authoritative clarity that 
scythes through the junk science and brushes 
aside the brigades of doom-mongers and overly 
earnest environmentalists. 

Its authors — geophysics writer and broad- 
caster Gabrielle Walker and ex-UK-govern- 
ment science adviser David King — have 
chosen a simple format. They guide the reader 
systematically through the history of climate 
science, the projections and uncertainties, the 
solutions and politics, Afteran engaging discus- 
sion of the greenhouse effect and its discovery, 
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taking in key players such as Joseph Fourier 
and John Tyndall, they examine the palaeologi- 
calrecord and the evidence for human-induced 
changes in climate. 

So far, so unremarkable. These topicsare the 
bread-and-butter of books on climate change 
and many readers will be familiar with the 
content. Similarly, the brief chapter on climate- 
change effects is covered in much more depth 
in Mark Lynas’s recent book Six Degrees. It is 
when Walker and King get into the solutions 
and politics of climate change that their book 
really begins to show its pedigree. 

First the authors ask: can we actually avoid 
a 2°C rise in average global temperature — in 
other words, dangerous climate change? They 
think it unlikely, but stress that this figure 
isnt an all-or-nothing doomsday trigger, and 
that it isstill possible to stabilize greenhouse- 
gas concentrations in the atmosphere at a 
level that should avoid the most catastrophic 
impacts. On howto achieve this, their mes- 
sage is loud and clear: only aconcerted global 
effort that makes use of new and established 
tools will do. 

Walker and King give short thrift to geoen- 
gineering proposals, such as injecting clouds of 
sulphur dioxide into the atmosphere, labelling 
them dangerous tinkerings that trade one kind 
of pollution for another. Instead, they draw 
together an impressive and upbeat portfolio of 
possible efficiency boosters, renewable energy 
sources and emerging technologies, such as 
carbon capture and storage, 

They advocate feeding more nuclear power 
into this mix, urging the reader to consider the 
arguments carefully. They contend that a new 
generation of more efficient nuclear power 
plants would create much less waste, adding 
just 10% to existing UK levels. But for a coun- 
try thatis already home to 100,000 tonnes of 
radioactive waste, this additional material 
would prompt a hefty rise in the cost of long- 
term storage. Their positive view of the nuclear 
option also fails to square with their justified 
scepticism over the pollution-swapping risks 
of geoengineering. 

On climate economics and policy, Walk- 
er’s writing skills and King’s first-hand know- 
ledge make for an informative and accessible 
package. Their empowering approach leaves 
no room for despair or inaction. A section 
on personal solutions necessarily goes over 
ground that will be familiar to most readers, 
but adds to the inspirational tone. In truth, 
Thave never enjoyed reading a book on climate 
change more. The balance of accessible writ- 
ing and peer-reviewed science — including a 
myth-busting appendix — should put askip in 
the step of even the most jaded climatologist. 
The search for a climate-change equivalent of 
Silent Spring is over. a 
David S. Reay is a Natural Environment Research 
Council Fellowin the School of GeoSciences, 
University of Edinburgh, Crew Building, West 
Mains Road, Edinburgh EH9 3JN, UK. He is author 
of Climate Change Begins at Home. 
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Doctoral student Alan Rorie aims to instil ‘a sense of wonder and whimsy’ through his machine art. 


HACKING 


Crafters tinker with technology 


Krista Zala 

A new crafts movement is afoot. Growing 
numbers of tinkerers are creating custom 
machines following their own aesthetics. Dab- 
bling with electronics, electrolysis and etching, 
these contraption-hackers gleefully ignore 
warranties and dig in, here overhauling a 
lap-top to achieve a century-old look, or there 
wiring a pair of contemporary headphones into 
a gutted antique pair. 

Capturing the spirit of the emerging culture, 
the O'Reilly Emerging Technology Confer- 
ence that took place this week in San Diego, 
California, ran sessions on howto make aerial 
drones and on hacking — beyond gadgets to 
the body, brain and food. In May, just south of 
San Francisco, the third annual Maker Faire 
will bring together craft geeks usually united 
in cyberspace for a weekend of workshopsand 
tip-swapping. 

One subset of these twenty-first century 
creators looks back to an era when handcraft- 
ers designed everyday tools with an elegant 
flourish. For example, using old gas-lamp 
arms and chime leversscrounged froma grand- 
father clock, Sean Slattery, the computer guy 
ata chemical research and development com- 
pany in Burlington, Massachusetts, retooled 
his keyboard and flat-screen monitorto imbue 
it with vintage Victorian style. “Steampunk is a 
general rejection of the sameness that globali- 
zation is bringing to the world, says Slattery 
(or Hieronymus Isambard Jake von Slatt, as he 
is known in steampunk circles), 

“Steampunk is to science what civil war re- 
enactions are to history,’ Slattery explains. The 
people involved — many of them scientistsand 
engineers — are interested in learningabout the 
history of science. They do so by re-creation, 
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converting electrical lamps to kerosene or fash- 
ioning telegraph sounders to tap out web con- 
tent updates. Their engagement thus becomes 
personal, tactile and satisfying. 

The trend emerged in the 1970s and 1980s 
as a subgenre of science fiction, which set Vic- 
torian characters amid today’s 
technology or in a parallel future 
universe, where analogue tri- 
umphed over digital and the 
airship prevailed over the aero- 
plane. The fantastical sensibilities 
spread from literature into film 
and video games across Europe, Japan and the 
United States. The past few years have even 
seen steampunk pervade fashion and music. 
The style plays with the parallels between the 
Industrial Revolution and the Information 
Revolution — both eras of intense technologi- 
caland social change. Now part of the wider 
culture of uploading, downloading, copying, 
pasting, swapping and re-ordering the world, 


“Steampunk is to 
science what civil 
war re-enactions 
are to history.” 


steampunk applies the philosophy of open- 
source software to hardware. 

Aficionados combine an appreciation of 
good simple engineering, as embodied by the 
steam engine, with the ‘do it your way’ ethos 
of punk. Steampunk aesthetics, in contrast 
with the hidden mechanisms and functions 
of today’s gadgets, expose and celebrate intri- 
cate machine workings. That said, the build- 
ers happily draft plans using modern software 
and materials. 

Tinkering has always been a key way into 
science. Inquisitive minds bent on learning 
how the world works have long gone at it with 
a screwdriver first. Now teachers are enhanc- 
ing their lessons on electrolysis using Slattery’s 
etchings on confectionery tins and iPods. 

For purists, “it’s not really steampunk unless 
it hasa steam engine attached to it’, says Sean 
Orlando, artistic director of the Steampunk 
Tree House, the interactive sculpture installed 
last year at the Burning Man arts festival in 
Nevada. The nine-metre-tall tree fashioned 
from steel pipes, I-beams and an 8,000-kilo- 
gram steam engine took five hours to generate 
the power to run a steam organ; its lights were 
powered bya solar array. 

In San Francisco, the eighth annual Edward- 
ian Ball Weekend this January showcased boiler- 
powered antique engines. A horizontal engine 
drove a novelty ‘time machine’ designed and 
built by Alan Rorie, a neurobiology doctoral 
student at Stanford University, California. The 
‘dihemispheric chronaether agitator’ (pictured) 
is a polished copper sphere, the size of a desk 
globe, the hemispheres of which 
spin in opposing directions around 
asystem of gears. 

“I want to create interactive 
art that communicates science 
to people,’ says Rorie, Scientists 
physically experience the world to 
gain an understanding of systems, he explains, 
but share only the facts that they find, which 
deprives their audience of the feel of research. 
He aims to instill “a sense of wonder and 
whimsy” with his artwork. His next project is 
an interactive neuron to teach people about 
receptive fields, . 
Krista Zalais a science writer based in Victoria, 
Canada, 


HACKING 


Home cooking with a twist 


Jascha Hoffman 
“[ think of cooking as hacking,” says Califor- 
nian computer programmer Marc Powell, who 
leda ‘Kitchen Hack Lab’ demonstration at the 
OReilly Emerging Technology Conference in 
San Diego this week, 

In the kitchen, we're all amateur chemists. 
Protein, carbohydrate, fat and water react to 
changes in pressure and temperature during 


cooking. Just as a hardware hacker adapts an 
electronic device to a new purpose, a food 
hacker recombines ingredients in unconven- 
tional ways. 

Powell wants to bring “the red-headed step- 
child of molecular gastronomy’ to the masses. 
At Unicorn Precinct XII in San Francisco, he 
hosts a ‘collaborative supper club. Guests can 
sample blood ice cream, chocolate monkfish 
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liver and savoury bubble tea with squid ink 
tapioca pearls (http://up13.org). 

A chemical logic underpins Powell's odd 
blend of ingredients: one batch of gumdrops 
used raspberry, rum and ant venom because 
they all contain derivatives of formic acid, 
which has a strong, tangy taste. 

After the dot-com bust, Powell trained in 
the kitchen of Heston Blumenthal, head chef 
of The Fat Duck in Berkshire, UK. Blumenthal 
founded his own research laboratory to refine 
such culinary techniques as sous vide, or slow 
cooking in vacuum-sealed bags. In recentyears, 
a handful of molecular chefs — including Ferran 
Adria at Spain's El Bulli and Homaru Cantu at 
Moto in Chicago, Illinois — have used liquid 


nitrogen, lasers and inkjet printers to expand 
the range of possible flavours and textures. 

Ultramodern kitchen experimentation has 
largely bypassed the amateur because of the 
high cost ofequipment, such as rotary evapora- 
tors oran ‘anti-griddle’ thatchills to -34°C. But 
yacuum-sealers and smoking guns are relatively 
cheap and, as food scientists such as Harold 
McGee and Hervé This have shown, there is 
also room for innovation using standard ingre- 
dients and appliances. 

What sets Powell apart is his home-grown 
approach, He invites strangers to bring 
their own ingredients into his kitchen and 
hack alongside him. “I think food cooked 
at home is always better than what's cooked 


ina restaurant,” he says. 

Plus, unlike many restaurant chefs who keep 
their recipes secret, Powell encourages ‘open- 
source recipe development’ (http://wiki.food- 
hacking.com). For when inspiration fails, his 
website program (http://deliciouscorpse.com) 
generates random recipes — such as ‘grub- 
injected wasp caviar with salt-baked spider 
bun’ — that can be tailored to the contents of 
your larder. 

Itremains to beseen whether the invention 
of such new dishes, as the French epicure Jean- 
Anthelme Brillat-Savarin wrote in 1825, “does 
more for human happiness than the discovery 
ofanewstar’. 

Jascha Hoffman is awriter based in New York. 


Toys, bugs and rock 'n’ roll 


“Llike listening to insects,’ says Thomas Truax. 
A nominee for Britain’s 2008 Indy Music 
Award for best live act, Truax is making a 
name for himself by building his own instru- 
ments from gramophone horns and pull-string 
toys. He sings about ants, the ozone layer, the 
Internet and dogs howling at the Moon. 

‘Truax grew up in Coloradoand became fas- 
cinated with insect sounds. “I was at a camp 
in the jungle in Mexico and I heard this insect 
that sounded like a Volkswagen that couldnt 
get started,” he says. Truax explains how he also 
records bat chirps near his home in London, 
editing them to make sample loops. 

One of Truax’s songs tells the story of an 
injured butterfly that has escaped being pinned 
toa specimen board by an entomologist. To 
evoke the sound ofits wings, he plays the guitar 
with a hand-held rotary fan, creating flutter- 
ing arpeggios. To avoid working with difficult 
musicians, Truax builds and plays his own 
instruments, such as a drum machine crafted 
from spinning fly-wheels and tiny cymbals. 

Other instruments are created from 
reclaimed junk. Truax is inspired by toys and 
simple experiments, such as the two-way ‘tel- 
ephones kids makefromstring and paper cups. 
Onstage, he sings down a gramophone horn 
thatis wired up witha Slinky to distort his voice, 
or he amplifies the percussion of clockwork and 
the vibrations ofa single string held taut by an 
audience member. “I want to make people think 
about what music is,” he says. 

“Weare at a point in history where comput- 
ers can do so much but people are losing touch 
with tactile things,’ he says. Ifelectronic instru- 
ments and digital editing are depersonalizing 
sound, Truax is making his own noise. 

Joanne Baker is Nature's Books & Arts editor. 


‘Thomas Truax’s single Stranger On A Trainis out 
‘on SL Records (UK) on 31 March, and will be online 
from 14 April (www.thomastruax.com). 
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‘Thomas Truax crafts instruments from junk to createa new sound inspired by insect noises, 
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The book that began invasion ecology 


Charles Elton's 50-year-old text founded a field and is now cited more than ever. 


The Ecology of Invasions by Animals and 
Plants 

by Charles S. Elton 

Methuen: 1958. 181 pp. 


Anthony Ricciardi and Hugh J. Maclsaac 
Human activities have introduced alien ani- 
mals, plants and microbes to all but the remot- 
est regions of Earth. These biological invasions 
threaten ecosystems, economies and human 
health, andare the focus ofa highly productive 
subdiscipline of ecology, the origin of which 
can be traced to a book that was published 
50 years ago. 

The Ecology of Invasions by Animals and 
Plants by British ecologist Charles S. Elton 
is, remarkably, not a scientific treatise or an 
academic text, but an expansion ofa short 
series of BBC radio broadcasts aimed at 
the public. At the time, Elton was the most 
influential figure in animal ecology, having 
pioneered studies on population dynamics 
and food chains. He was particularly inter- 
ested in what he called “ecological explo- 
sions’ — enormous, uncontrolled increases 
in population. 

Previously, ecologists had treated invasions 
as anomalies. Elton characterized them as 
being symptomatic of a process that could 
alter the biological landscape of the planet. 
“We are seeing one of the great historical 
convulsions of the world’s fauna and flora,” 
he wrote. In an effort to move the study of 
invasions beyond natural historical accounts, 
Elton produced testable generalizations 
drawing from disparate disciplines, includ- 
ing biogeography, epidemiology and human 
history. He also identified large-scale pat- 
terns, such as the higher number of invaders 
in temperate regions compared with tropical 
regions, and on islands versus mainland areas 
of equivalent size (both recently verified by 
statistical analyses), 

Most importantly, Elton demonstrated the 
profound influence of human activities in 
reshaping species distributions. For example, 
decades before other scientists began to focus 
on the spread of invading alien aquatic species, 
Elton drewattention to the transport of organ- 
isms in ships’ ballast tanks, the intercontinental 
movement of oysters and their associated flora 
and fauna, and the role of canals in linking 
regions formerly isolated from each other for 
millions of years. 

Many of the concepts raised in The Ecol- 
ogy of Invasions by Animals and Plants have 
flourished into important research themes 
that continue to be vigorously debated. Most 
notable of these is the ‘biotic resistance’ 
hypothesis; that species-rich communities 
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are more resistant to invasion. Elton proposed 
that diverse communities use resources more 
fully, leaving fewer niches for potential colo- 
nists to exploit. Recent studies have found 
that invaders in small, species-rich areas do 
indeed fare worse than those in areas of low 
biodiversity. But the pattern often reverses 
over large areas, apparently driven by external 
environmental conditions that affect native 
andalien species alike. 

Elton also argued that complex food webs 
are likely to contain predators or parasites 
that can control invaders, whereas simpler 
food webs are more vulnerable to popula- 
tion explosions. As evidence, he pointed to 
the disproportionate numbers of invaders 
in environments such as remote islands and 
boreal forests, and those on cultivated land 
and in other environments that have been 
drastically simplified by human disturbance. 
These ideas have had a huge influence on 
subsequent ecological research into the link 
between a community's diversity and its stabil- 
ity. Elton further suggested that many species 
are invasive because they arrive in areas with- 
out their natural enemies, another controver- 
sial hypothesis that has generated many recent 
studies. His book is cited by more than 40% of 
published papers that address biotic resistance, 
enemy release or diversity-stability, according 
to Thomson Scientific’s Web of Science. 

Elton demonstrated the key role that some 
invasions have had in the reduction and 
extinction of native populations — an effect 
that became widely recognized only in the 
1980s, “The eventual state of the biological 
world will become not more complex but 
simpler and poorer,’ he wrote. “Instead of six 
continental realms of life ... there will only 
be one world.” This stark prediction may 
have inspired yet another current research 


theme: the consequences of the replacement 8 
of unique assemblages of plants and animals § 
by widespread alien species that coexist with 5 
humans, such as rats, starlings and carp. 8 

Half a century on, invasion ecology has 2 
progressed well-beyond the scope of Elton’s 2 
book. Several topics that are now crucial to 3 
our current understanding were overlooked 3 
or only touched on by Elton. These include: 
the number of introductions or individu- 
als a population requires to become estab- 
lished; the evolutionary effects of invasions; Z 
and interactions among alien species that 
enhance each other's success. Commerce in 
agriculture, aquaculture, ornamental plants 
and pets has opened up the world to thou- 
sands of potential invaders, often aided by 
rapid unregulated trade through the Internet. 
The release of genetically modified organ- 
isms has added another dimension, To try to 
predict invasions, researchers are examining 
traits that predispose species to interface with 
and survive transport by humans. Invasion 
ecology has had to embrace risk analysis, 
resource economics, computer modelling 
and molecular genetics. 

‘Yet Elton’s influence on the field contin- 
ues to grow. The citation rate of his book 
(pictured, red line) has risen dramatically 
since the early 1990s after a time lag of some 
30 years (a rise that, incidentally, could be 
compared to the exponential population 
explosion of an alien species). Why did the 
surge in journal publications in this discipline 
take so long to occur? Perhaps a few devas- 
tating and well-documented invasions lit the 
fuse that Elton laid down years before — such 
as those involving the Nile perch in Lake Vic- 
toria, the ‘killer alga’ Caulerpa taxifolia in the 
Mediterranean and the zebra mussel in North 
America. Perhaps the interest in biodiversity 
in the 1980s — the ‘conservation of variety’ 
that Elton stridently advocated — brought 
broader recognition to invasions as a major 
cause of extinction. 

Or perhaps the delay illustrates how far 
ahead of its time The Ecology of Invasions by 
Animals and Plants was. Elton died in 1991, just 
as the field he founded began to flourish (pic- 
tured, blue bars). His book sounded an early 
warning that, having gone largely unheeded for 
three decades, has become a clarion call that 
resonates in the work of invasion ecologists 
worldwide. . 
Anthony Ricciardi is an associate professor 
at theRedpath Museum, McGill University, 
Montreal, Quebec, Canada H3A 2K6, Hugh 
J, Maclsaac is a professor at the Great Lakes 
Institute for Environmental Research, University 
of Windsor, Ontario, Canada N9B 3P4, 
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The new SpectraMax* L next-generation microplate luminometer from Molecular Devices 
offers more flexibility and reliabilty for your flash and glow luminescence assays. The 
system's dual injectors, increased dynamic range, and automated maintenance routines 
increase your productivity and free up more time for research. 


© Duel injection capability in both 96- and 384-well formats extends the types of flash 
and glow assays you can perform 


© Simultaneous analog and digital PMT detection enables a wide dynamic range and 
maximum sensitivity 


} Automated maintenance routines increase reader robustness and reliability in 
multiuser labs 
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Focus on Allergy and asthma, March 2008 


Respiratory disorders, including allergies, asthma and chronic obstructive pulmonary disease (COPD), are 
a major public health burden worldwide. The latest WHO statistics (2007) estimate that 300 million people 
worldwide have asthma, 210 million people have COPD, and millions of people are affected by allergies. 
Each year, 250,000 people die of asthma. The prevalence of these diseases is increasing, and there is a 
continued need for new and improved therapies. 


This Focus issue of Nature Reviews Immunology highlights the latest advances in our understanding of the 
immune bases of these respiratory diseases and how this knowledge can be translated into effective 
treatment strategies. 


The Focus includes the following Review articles by leaders in the field: 


Immunology of asthma and chronic obstructive pulmonary disease 


Peter J. Barnes Alera ane 


Treatment strategies for allergy and asthma IMMUNOLOGY 
Stephen T. Holgate and Riccardo Polosa 5 


Discovering susceptibility genes for asthma and allergy 
Donata Vercelli 


These Reviews and other Focus articles will be freely available online for the 
month of March at: 


www.nature.com/reviews/immunol 


nature publishing group g 


S.STAMMERS/SPL. 


Vol 452|6 March 2008 


nature 


PHYSIOLOGY 


NEWS & VIEWS 


Keeping it regular with protons 


Laura M. Prolo & Miriam B. Goodman 


Muscle coordination is mostly governed by motor programs built into the nervous system. But one program 
— the defecation cycle ina worm — hasa mechanism that avoids nerves completely and uses protons as signals. 


For athletes in a race, the crack of the starters 
pistol signals an intense burst of physical 
effort and mental concentration — but at least 
they don't have to think about coordinating 
their legs. After the initial impulse from the 
brain to start running, limb control is mostly 
unconscious, governed by a motor program 
in which motor neurons direct muscle fibres 
to contract in the right sequence. But a simple 
roundworm, Caenorhabditis elegans, is forcing 
us to question our neurocentric view of motor 
programs. In this animal, a rhythmic series of 
muscle contractions during another motor 
program, the defecation cycle, is initiated 
without the influence ofneurons. Two reports 
now shed fresh light on this vital behaviour. 
Reporting in Cell, Beg et al.’ show that intes- 
tinal cells dictate muscle contraction using 
‘an unusual chemical signal: the lowly proton. 
In Current Biology, Pfeiffer et al.’ show that 
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protons enter intestinal cells from the lumen of 
the intestine, driven bya proton-concentration 
gradient across the cell membrane. 

Caenorhabditis elegans isan excellent organ- 
isminwhich to study the genetic basis of motor 
programs. Its defecation cycle consists of a 
three-step pattern of muscle contractions that 
moves food along the worm’s digestive tract, 
culminating in the expulsion of waste. The 
three steps — muscle contractions in the tail 
(posterior), head (anterior) and anus — are 
independent of one another, as gene defects 
can disrupt one step while leaving the other 
two intact. The cycle repeats every 50 seconds 
with striking precision, and the clock that 
controls its timing runs even when the motor 
program shuts off in the absence of food’. 

In 1999, a remarkable discovery was made 
about this most humble of processes: the 
muscle contractions correlate with the release 


Figure1 | Proton concentrations and worm 
defecation. In C. elegans, the defecation cycle 
consists of a precise pattern of posterior and 
anterior muscle contractions, culminating in 
expulsion of waste. Pfeiffer et al.” measured the 
change in pH in the intestine-muscle gap (a), 
inside intestinal cells (b) and in the intestinal 
lumen (c) during the defecation cycle. Drops 
in pH indicate a transient increase in proton 
concentration, whereas peaks in pH indicate 
transient falls in proton concentration, The 
changes in pH correlate with pulses of protons 
that trigger muscle contraction. Beg et al.' show 
that the proton pulses in the intestine-muscle 
junction precede posterior body muscle 
contraction by about 2 seconds. 


of calcium ions in the intestinal cells, with ion 
concentrations fluctuating with the same 50- 
second period as the defecation cycle*. This 
suggests that the intestine is the timekeeper of 
the defecation cycle. Accepted dogma would 
predict that the intestine must signal to neu- 
rons (using chemical signals known as neuro- 
transmitters) to control the resulting muscle 
contraction. But neither typical neurotrans- 
mitters, nor proteins that regulate their release, 
were required. Most surprisingly of all, not 
even neurons were needed for posterior mus- 
cle contractions, suggesting that a previously 
unknown mechanism of muscle control was in 
operation. 

Beg etal.’ set out to discover howa biological 
clock in the intestines can control a rhythmic 
motor pattern without help from the nervous 
system. Their entry point was provided by two 
genes, pho-4 (also known as nhx-7) and pbo-5, 
that are specifically required for posterior 
body contraction. The PBO-4 protein is one 
of nine in C. elegans predicted to catalyse the 
exchange of sodium ions for protons (which 
are hydrogen ions, H*) across cell membranes. 
The authors found that PBO-4 is expressed in 
epithelial cells that form the posterior intestine; 
specifically, they found it in the membrane 
facing the body-wall muscle. This raised the 
question of whether such cells control musde 
contraction directly — perhaps by harnessing 
PBO-4 to release protons, which could then 
serve as transmitters that initiate contraction 
of nearby posterior muscles, 

To test this idea directly, Beg et al. engi- 
neered a fluorescent, pH-sensitive PBO-4 pro- 
tein and used in vivo optical imaging to show 
that a transient decrease in pH outside the cells 


35 


NEWS & VIEWS 


NATURE|Vol 452|6 March 2008 


Figure2 | Communication between cellsin a worm's defecation cycle. a, Cross-section of the posterior 
section of C. elegans showing the arrangement of body-wall muscles and the intestine. b, Unlike other 
known rhythmic motor programs, which are controlled by signals from neurons, the defecation cycle 
in C. elegans involves direct communication between the intestine and adjacent muscle cells. Beg et al. 
show that the PBO-4 proteinis expressed on the part of the intestinal cell membrane that faces muscle 
cells in the worm’s body wall. PBO-4 exchanges protons (H*) in the cell for sodium ions (Na*) in the 
space between the intestinal and muscle cells. The released protons act as chemical signals, activating 
ion channels (formed from PBO-S and PBO-6 proteins) on the surface of muscle cells. This activation 
mightlead to muscle contraction, Another sodium-proton exchanger, NHX-2, is expressed in the part 
of the intestinal cell membrane that faces the intestinal lumen. Pfeiffer et al? show that NHX-2 allows 
protons to enter the cell just before muscle contraction, 


precedes muscle contraction. pH isa measure 
of proton concentration, with low pH indicat- 
ing high proton concentration and vice versa. 
Beg and colleagues’ results thus showed that 
each posterior body contraction is heralded 
by the release of a pulse of protons into the 
gap between the intestine and muscle (Fig. 1). 
Pfeiffer et ai.’ observed something similar 
using a different protein. Significantly, Beg 
etal.’ were able to induce muscle contraction in 
the absence of PBO-4 simply by exposing the 
muscle cells to artificial proton pulses. 

Pfeiffer and colleagues* investigated the 
source of the protons by monitoring the pH 
of three compartments: inside the intestinal 
lumen, inside intestinal cells, and in the gap 
between the intestine and muscle. They found 
that, between posterior body contractions, 
protons are 1,000-fold more concentrated in 
the intestinal lumen than they are in the cells. 
But just before contractions, the concentration 
of protons in thelumen decreases, whereas that 
in thecells increases (Fig. 1), This suggests that 
protons are transported from the lumen to the 
intestine-muscle junction via the intestinal 
cell (a process called transcellular transport), 
giving rise to muscle contraction. 

To test this idea, Pfeiffer et al.” used RNA 
interference to reduce the expression of NHX-2 
—asodium-proton exchanger found in intes- 
tinal cells (specifically, in the membrane that 
faces the intestinal lumen). Surprisingly, this 
didn’t reduce the number of protons released 
into the intestine-muscle junction or eliminate 
posterior body contractions. Instead, it reduced 
the size of proton pulses inside the cells and 
increased the period of both the defecation cycle 
and the intracellular calcium-ion pulses. NHX-2 
therefore seems to be critical for timekeeping, 
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but not necessary for PBO-4-dependent proton 
release. The next steps will be to discover which 
proteins set up and maintain such steep proton 
gradients, and how the loss of NHX-2 regulates 
the defecation-cycle period. 

So how do protons activate muscles? Again, 
genetic analysis provides the necessary insight, 
in the guise of a candidate proton receptor: the 
PBO-5 protein, which is expressed in posterior 
muscle cells. Beg et ai.’ analysed C. elegans pbo-5 
mutants, and found that the worms no longer 
underwent posterior body contraction during 
the defecation cycle. This is consistent with 
the idea that PBO-5 is required for muscles 
to recognize the PBO-4-dependent proton 
signal. The p6bo-5 mutants were also unrespon- 
sive to artificial proton pulses, unlike worms 
that lacked the mutation. 

When Beg and colleagues’ co-expressed 
PBO-5 with PBO-6, a closely related pro- 
tein, in cells in vitro, the proteins formed 
channels through the cell membranes that 
open in response to protons. The researchers 
found that these channels are needed for the 
defecation cycle. Itremains unclear how PBO-4- 
dependent proton signals are terminated. Per- 
haps protons simply diffuse away from the 
intestinal-muscle junction, or are actively 
transported into the intestine or muscle. 

The picture emerging from these studies’ is 
that some epithelial cells harness transcellular 
proton transport and sodijum-proton exchang- 
ersto release pulses of protons; the variations 
in proton concentration then activate mus- 
cle contraction using a proton-gated ion 
channel (Fig, 2), Such signalling is linked to the 
calcium-ion release in intestinal cells that keeps 
time during the defecation cycles, as mutations 
that alter the period of the calcium-ion pulses 


also affect the period of intracellular proton 
pulses in parallel”. The next crucial step will 
be to determine whether the bursts of calcium 
ions observed inside intestinal cells correlate 
with the proton release outside the cells. Are 
the calcium pulses alone enough to trigger 
proton release, or is another factor required? 

Other questions remain. Do calcium ions 
directly regulate PBO-4 activity? Possibly, 
as PBO-4 contains several putative calcium- 
dependent regulation sites whose functions 
are yet to be examined. There might also be 
an indirect link: changes in calcium-ion con- 
centrations could drive changesin cytoplasmic 
sodium-ion concentrations; these, in turn, 
could determine whether PBO-4 releases pro- 
tons or retrieves them from the surrounding 
environment. In support of this idea, mutations 
in the flr-1 gene (which encodes an epithelial 
sodium channel) double the speed of the 
defecation cycle®. Whether the link is direct or 
indirect, these studies’? suggest that exchang- 
ers in the cell membrane may have more 
widespread roles in communication between 
cells than was previously believed®. 

An open question now is whether pro- 
tons function as transmitters more generally. 
Rapid changes in proton concentrations have 
been reported in mammalian brain slices’, 
and protons packaged into synaptic vesicles 
— spherical structures that release packets 
of neurotransmitters from neurons — have 
long been proposed to serve as neuromodula- 
tors. Beg and colleagues’ work’ suggests that 
sodium-proton exchangers, which are widely 
expressed in mammalian brains, could be an 
alternative or complementary source of protons. 
Proton signals in mammalian brains could be 
detected by proton-sensitive ion channels, such 
as the acid-sensing ion channels, some of which 
seemto play a part in learning and memory*. 

The two studies’ extend the current under- 
standing ofhowmotor programs are controlled 
and challenge our definition ofneurotransmit- 
ters. By providing an eloquent demonstration 
of protons as transmitters, they have fired the 
starting pistol in the race to discover more 
non-classical mechanisms of neurotransmis- 
sion. Withso many challenges on the horizon, 
itlooks as ifthat race could bea marathon, @ 
Laura M. Prolo isin the Neurosciences Program, 
and Miriam B. Goodman is in the Department 
ofMolecular and Cellular Physiology, 

Stanford University School of Medicine, 
Stanford, California 94305, USA. 
e-mail: mbgoodman@stanford.edu 
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QUANTUM PHYSICS 


Tangled memories 


Lene Vestergaard Hau 


The latest quantum trick — mapping two entangled photon states onto two 
separate regions of an atomic cloud, and then retrieving them — could bea 
fillip for applications, among them quantum cryptography. 


On page 67 of this issue, Choi ef al.’ recount 
how they store two ‘entangled photon states in 
amemory consisting of a cloud of cold atoms, 
and then, after a certain delay, retrieve those 
self-same states from the cloud. The optical 
modes are stored in spatially separated regions 
of asingle atom cloud, but there is no reason 
why the technique should not be used to 
imprint the same quantum states on two dis- 
tinct atom clouds separated by a macroscopic 
distance. That would allow the controlled 
entanglement of two distant atomic samples 
—a step that might be of great importance 
for the practical implementation of quantum 
protocols to generate secure keys for the trans- 
fer of information over public networks. 
Choi and colleagues’ experiments start off 
with a light pulse containing a single photon. 
Like most of us, this photon soon comes toa 
point in life — in its case, a beam splitter — at 
which itis faced with a choice between two 
paths. In sucha situation, the quantum world 
is kinder than the classical: it allows the pho- 
tonto take both paths at the same time. If we 
set up a light detector to monitor one of the 
two paths, we will register a click (aphoton hit) 
or no click, each with a 50% chance. But say 
some other (possibly distant) observer sets up 
a detector to monitor the other path. In this 
case, ifthis second observer detectsa click, that 
instantaneously affects our own measurement: 
we will detect ‘no click with 100% probability 


(or vice versa, an absolutely certain click ifthe 
remote observer has detected no click). 

This is entanglement: the strange correla- 
tion of two spatially separated quantum states. 
Entangled states are hard to maintain, because 
interactions with the environment destroy 
the entanglement. Asa result, they are rare in 
our macroscopic world. But that doesn’t stop 
them being essential to quantum information 
processing, for computing, teleportation and 
encryption applications. 

Inaclassical computer, information is stored 
in strings of bits of value 0 or 1. The quantum 
bits ofa quantum computer, on the other hand, 
can be in ‘superposition states’: they can be 0 
and 1 at the same time. Here, entanglement 
comes into its own, Let's say the quantum com- 
puteris set up to calculate the output value ofa 
function that varies periodically with its input 
value (a sine wave, for example); we wish to 
find that period. The quantum computation 
leavesthe system in a superposition of matched 
pairs, in which the output register holds the 
function value for the corresponding input. 

The two registers are in fact entangled: a 
measurement of the output register will immedi- 
ately affect the input register. For a periodic 
function, in which many input values corre- 
spond to a particular output value, the input 
register ends up in a superposition of precisely 
these inputs. After just one run-through of 
the calculation, therefore, global information 
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Figure 1| Light split and slowed. In Choi and colleagues’ experimental apparatus’, alight pulse 

(red arrow) is split into two entangled states and fed into an atomic gas. There, under the influence of 
controlling laser beams, the split pulse is slowed, and the two entangled quantum states are imprinted 
onto two separate regions of the gas — effectively creating entanglement between the atoms of these 
regions. The light is then extinguished, and after a delay the photonic quantum states are regenerated 
from the information stored in the atoms. The amount of remaining entanglement is measured through 
the degree of constructive or destructive interference when the regenerated optical fields are recombined, 
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50 YEARS AGO 
“Athree-dimensional model of 
the myoglobin molecule obtained 
by X-rayanalysis.” By Drs J.C. 
Kendrew et al. — Until five years 
ago, no one knew how, in practice, 
the complete structure ofa 
crystalline protein might be found 
byX-rays, and it was realized 
that the methods then in vogue 
among protein crystallographers. 
could atbest give the most 
‘sketchy indications about the 
structure of the molecule. This 
situation was transformed by the 
discovery, made by Perutz and 
his colleagues, thatheavy atoms 
could be attached to protein 
molecules in specific sites and 
that the resulting complexes gave 
diffraction patternssufficiently 
different from normal to enable 
aclassical method of structure 
analysis, the so-called ‘method 
of isomorphous replacement’, to 
beusedto determine the relative 
phases of the reflexions ... The 
present article describes the 
application, at low resolution, of 
the isomorphous replacement. 
method in three dimensions to 
type A crystals of sperm whale 
myoglobin. The result is athree- 
dimensional Fourier, or electron- 
density, map of the unit cell, 
which forthe first timereveals 
the general nature of the tertiary 
‘structure of a protein molecule 

.». Perhaps the most remarkable 
features of the molecule are 
itscomplexity and its lack of 
symmetry. The arrangement... 

is more complicated thanhas 
been predicated by any theory of 
protein structure. 

From Nature 8 March 1958. 


100 YEARS AGO 

Itis reported by The Hague 
correspondent of the Globe 
(March3) that Prof. Kamerlingh 
Onnes, professor of physics in 
the University of Leyden, has 
succeeded inliquefying helium. 
ALSO: 

Inthe report of the Maidstone 
Museum, Library, and Art 
Gallery for 1907, attention is 
directed to the unprecedentedly 
large numberof visitors during 
the year. 

From Nature 5 March 1908. 
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about the function — its period — is contained 
in theinput register. After some ‘fiddling’ this 
period can be read out with many fewer opera- 
tions than a classical computer requires’. (Ina 
classical calculation we would have to run the 
computation many times, once for each input 
yalue, to slowly, step by step, build up global 
information about the function.) 

Encoding this information in material 
quantum states, suchas those of atomic clouds, 
is a particularly promising avenue towards 
implementing quantum-computational 
schemes: the interactions between atoms can 
be strong, and processing (through controlled 
changes to the quantum states) can happen 
fast. Long-distance transmission of the result- 
ing output quantum states, on the other hand, 
works better with light: light can travel fastand 
with minimal losses in optical fibres. Reliable 
and efficient ways of mapping quantum infor- 
mation between light and matter are there- 
fore an essential component ofany quantum 
information network. 

In their experiments, Choi et ai.' achieve 
this transfer using ‘slow light’*. Under particu- 
lar conditions dictated by quantum mechan- 
ics, the speed of a light pulse that has been 
injected into an atom cloud illuminated by a 
control laser can be reduced by many orders of 
magnitude, As the pulse slows, its spatial extent 
shrinks, and it ultimately fits snugly inside the 
atom cloud (Fig. 1). The pulse affects the inter- 
nal states of atoms within its localized region, 
creating a hologram-like imprint of itself in the 
atom cloud. If the control laser is turned off, 
the light pulse is halted and extinguished, but 
its atomic imprint remains in the cloud. Ifthe 
control laser is turned back on, the same pro- 
cess runs backwards: the light pulse is regener- 
ated and moves on, exits the atom cloud and 
speeds back up. Such storage of optical infor- 
mation has been demonstrated for classical 
light pulses containing many photons** and 
for single-photon light pulses*”. 

‘The authors show that the entanglement of 
two light fields also survives such storage. They 
create their single-photon pulse by generating 
asingle atomic excitation in a separate ‘source’ 
atom cloud, using the slow-light effect to read 
itout. The entangled optical modes generated 
at the beam splitter are injected into the main 
atomic sample, separated by 1 millimetre. After 
amicrosecond, the authors are able to regen- 
erate the optical fields. They then introduce 
a phase shift into one before the two modes 
recombine at a second beam splitter. Depend- 
ing on the phase shift introduced, constructive 
or destructive quantum interference between 
the two optical paths is measured at a detector 
after the secondbeam splitter. The contrast of 
the fringes obtained as the phase is varied tells 
us the quality ofthe entanglement. 

So what is the next step? Separate control of 
the phase relationship between the two optical 
modes’ input to the atom cloud wouldallow the 
controlled storage and revival of actual quan- 
tum bits. Choi ef al." use cold atoms for their 
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experiments, laser cooled to about 125 micro- 
kelvin above absolute zero to avoid thermal 
smearing of the stored holographic imprints; 
but it would be interesting to cool things down 
further, forming the phase-coherent state 
of atomic matter known as a Bose-Einstein 
condensate, which offers much-increased 
possibilities for storage and controlled process- 
ing’. The storage of entangled optical fields in 
two separated atom clouds also needs to be 
formally demonstrated. Such entanglement 
would allow the efficient sharing of quantum 
keys for secure encryption’, and the transfer 
(teleportation) of quantum bits between two 
atomic clouds by simple transmission of pairs 
of classical bits”. 

Will any or all of this ever get to a stage at 
which itcan be used in practical devices? That 
remains to be seen. We can state, however, 
that a century after quantum mechanics was 
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discovered, the possibilities it offers continue 
to boggle our minds. . 
Lene Vestergaard Hau is inthe Lyman Laboratory, 
Physics Department, Harvard University, 

17 Oxford Street, Cambridge, Massachusetts 
02138, USA. 

‘e-mail: hau@physics.harvard.edu 
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A complex in psychosis 


Solomon H. Snyder 


The molecular basis of psychoses such as schizophrenia remains largely 
mysterious. The interaction between two of the brain receptors involved 
adds to evidence that will help in the search for explanations. 


This is a story that involves three types of 
receptor in the brain that influence human 
perception and behaviour (those for the neu- 
rotransmitters dopamine, serotonin and gluta- 
mate), and the drugs that block or enhance their 
activity. Such drugs are used by researchers to 
investigate the causes of psychotic disorders 
suchas schizophrenia, and by clinicians to treat 
patients. Classical antipsychotic drugs, desig- 
nated ‘typical neuroleptics, act predominantly 
by blocking dopamine D2 receptors. A new 


generation of more effective ‘atypical neurolep- 
tics also blocks a subtype of serotonin receptor 
known as 5-HT;,,, ormore simply as 2AR. And 
last year we had the promising report’ ofa drug 
that mimics the effect of glutamate ata subtype 
of one of its receptors, metabotropic glutamate 
receptor 2 (mGluR2), and that seems to be as 
effective as atypical neuroleptics. 

This is the background against which the 
paper by Gonzalez-Maeso et al.’ appears 
(page 93 of this issue): these authors show that 


Figure 1| Receptor interaction. 


Potential ‘ . ‘ Gonzilez-Maeso et al.” find that the 
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Peychotomimetic or antipsychotic actions 


| Agonist: | Antagonist: 
stimulatory effect 1 inhibitory effect 


receptor (2AR) physiologically bind 
each other, leading to reciprocal 
regulation of their functions. 
Agonists that stimulate mGluR2 

are antipsychotic, whereas 2AR 
agonists, such ashallucinogens, have 
the opposite effect. It is conceivable 
that the clinically significant anti- 
schizophrenic effects of LY2140023, 
an mGluR2 agonist’, derive from 
reducing the excessive— and 

hence hallucinogen-like — activity 
of 2AR. DOI, 2,5-dimethoxy-4- 
iodoamphetamine. 
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there are direct molecular interactions between 
2AR and mGluR2, and that the interactions 
have functional effects. Besides helping to eluci- 
date drug actions, these findings may shed light 
on fundamental aspects of the causes and 
consequences of schizophrenia. 

In the absence of definitive evidence for the 
molecular causes of psychosis, biological psy- 
chiatrists have long relied largely on drugs as 
probes. Ifa drug is psychotomimetic (that is, 
elicits a psychotic state that resembles schizo- 
phrenia), then knowing how itacts mightclarify 
aberrations in the brains of patients with schizo- 
phrenia. Conversely, ifa drug selectively allevi- 
atessymptoms of schizophrenia, understanding 
its mode of action will also beilluminating. 

The structure and action of diverse psychoto- 
mimetic drugs have led to different models of 
psychosis. For example, hallucinogens such 
as LSD (lysergic acid diethylamide), psilo- 
cybin and dimethyltryptamine resemble the 
indoleamine structure of serotonin, leading to 
a ‘serotonin concept’ of psychosis, which holds 
that perturbation of serotonin signalling is the 
main cause. Although phenethylamine hallu- 
cinogens such as mescaline and methoxyam- 
phetamines are not indoleamines, their native 
conformation resembles that of serotonin 
and they elicit psychotic states much like that 
produced by LSD (ref. 3). Hallucinogens are 
agonists (stimulating agents) at 2ARs, which 
are blocked by atypical neuroleptics. 

High doses of amphetamines, which act 
by releasing dopamine, evoke a psychosis 
that often resembles acute paranoid schizo- 
phrenia, and low doses selectively exacerbate 
schizophrenic symptoms. The typical neu- 
roleptics block dopamine D2 receptors with 
potencies closely paralleling the effectiveness 
of their antipsychotic actions, leading to the 
‘dopamine hypothesis’ of schizophrenia‘. The 
effects of agents that block the NMDA subtype 
of glutamate receptor, such as phencyclidine 
(PCP, also known as angel dust), usually mimic 
schizophrenic symptoms better than any other 
drug-induced psychosis. The most recent 
development’ in this pot-pourri of drugeffects 
involves the striking antischizophrenic actions 
of LY2140023, an mGluR2 agonist. 

Gonzalez-Maeso et al.’ wondered whether the 
similar therapeutic actions of 2AR antagonists 
and mGluR2 agonists reflect aspecific molecu- 
lar interaction between the two receptors. Like 
many neurotransmitter receptors, mGluR2 and 
2AR are coupled to G proteins, which sit inside 
the cell membrane and actas molecular switches 
that regulate intracellular signalling pathways. 
During the past decade, Devi’ and others have 
shown that different G-protein-coupled recep- 
tors can form functional complexes. 

The advance made by Gonzalez-Maeso et al. 
isthe direct demonstration, using several tech- 
niques, of the existence of complexes between 
2AR and mGluR2 (Fig, 1). These authors con- 
clude that the complex is functionally relevant 
by showing that mGluR2 agonists increase 
the affinity ofhallucinogens for 2AR binding, 


Rushed decisions 


People who have Hutchinson-Gilford progeria 
syndrome (HGPS), such as the two-year-old 
girl pictured, grow old before their time. This 
distressing condition of premature ageing is ¢ 
rare but fatal genetic disorder, which is caused 
by the continuous production of progerin, an 
abnormal form of the nuclear protein lamin A. But 
what effects does excess progerin have? Paola 
Scaffidiand Tom Misteli report that the protein 
triggers a feature that resembles premature 
ageing at acellular level: untimely stem-cell 
differentiation (P. Scaffidi & T. Misteli Nature Cell 
Biol. doi:101038/ncb1708; 2008). 

Theauthors took a genome-wide approachto 
identify the genes concerned. They found that, 
5 daysafter production of progerin was increased, 
the expression of almost 200 genes was 
dramatically affected, a number that rose to 
more than 1,000 by day 10. To interpret this 
striking effect, they searched for cellular 
pathways in which several progerin-responsive 
misregulated genes function; thisled them to 
the Notch signalling cascade, which regulates 
stem-cell differentiation and cell fate. In 
cells derived from patients with HGPS, the 
components of Notch signalling were also 
abnormally active. 

The main tissues affected in HGPS are those 
of mesenchymal origin, including bone, fat 
and cartilage. The authors lookedat the effect 


whereas 2AR agonists decrease the affinity 
of mGluR2 agonists for glutamate receptor 
binding. Moreover, activation of G proteins by 
2AR was altered by co-expression of mGluR2. 
Induction of a gene (egr-2) that is selectively 
stimulated by hallucinogenic 2AR agonists was 
blocked by an mGluR2 agonist, whereas induc- 
tion of c-fos, which responds both to halluci- 
nogenicand non-hallucinogenic 2AR agonists, 
was unaffected by the same treatment. 

The authors’ observations of behavioural 
responses in mice also support the idea of 
mGluR2-2AR interaction, as the effects of an 
mGluR2 antagonist on movement were dimin- 
ished in mice with targeted deletion of 2AR. 
Finally, post-mortem analysis of the brains of 
humans with schizophrenia revealed increased 
numbers of 2ARs and decreased numbers 
of mGluR2s. 

What dowe learn from these findings? Using 
yarious approaches, Gonzilez-Maeso et al.” 
have provided a compelling case that 2ARand 
mGluR2 interact physicallyand physiologically, 
and that drugs influencing one of the receptors 
will alter the behaviour of the other. Neuronal 
wiring links between various transmitter cir- 
cuits, and crosstalk between receptors regu- 
lated by agents called scaffolding proteins, are 
well known. Gonzalez-Maeso and colleagues 
provide a new concept — that direct physical 
coupling of two receptors mediates complex 


NEWS & VIEWS 


of progerin overexpression— and so Notch 
activation — on normal human mesenchymal 
stem cells and found that it led to sporadic but 
‘spontaneous differentiation of these cells. Next, 
they triggered differentiation of mesenchymal 
stem cells into specific lineagesin the presence 
of progerin: increased stem-cell differentiation 
intothe bone lineage was the result. By 
contrast, progerin seemedto hinder stem cells’ 
transformation into fat cells. These results are 
consistent with the fact that patients with HGPS 
have a high turnover of bone but suffer froma loss 
of subcutaneous fat. 

Scaffidi and Mistelis work unravels at least 
‘some of the consequencesof increased progerin 
levels associated with premature ageing. But 
their observations also have implications for 
understanding the normal process of ageing. 
as low levels ofprogerin are present inhealthy 
individuals, Sadaf Shadan 


pharmacological and behavioural responses. 
Given this conclusion, researchers will be 
scurrying to explore what effect drugs that 
target 2ARs have on glutamate signalling and, 
conversely, to ascertain whether alterations in 
mGluR2s influence events mediated by sero- 
tonin. Froma behavioural and clinical per- 
spective, one would predict that drugs acting at 
these two different receptors would have similar 
influences. This possibility fits with the finding’ 
that the antipsychotic actions of the mGluR2 
agonist LY2140023 resemble thoseof the atypi- 
calneuroleptics that target 2ARs. Because drugs 
blocking dopamine D2 receptors also act simi- 
larly, they may have some link to the receptor 
complex. Finally, the new results may provoke 
a reassessment of the effects of hallucinogens 
as useful models of the brain disturbances that 
characterize schizophrenia. a 
Solomon H, Snyder is in the SolomonH. Snyder 
Department of Neuroscience, Johns Hopkins 
School of Medicine, 725 North Wolfe Street, 
Baltimore, Maryland 21205-2185, USA. 
‘e-mail: snyder @jhmi.edu 
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PALAEONTOLOGY 


Modern life in ancient mats 


Michael M. Tice 


Microbial communities seemto have inhabited tidal sediments 2.9 billion 
years ago muchas they do today — but what organisms were involved, and 
how they made their living, remain intriguing questions. 


Establishing from fossil records how microbes 
and microbial ecosystems evolved is not an 
easy task: although ‘microfossils’ have been 
used to infer the presence and identity of 
microbes in particular environments”, their 
simple shapes and comparative rarity limit 
what they can tell us. An alternative approach 
is to look for traces of products from commu- 
nities of microorganisms™. Research by Noffke 
et al.®, reported in Geobiology, illustrates this 
possibility. These authors have discovered evi- 
dence of ‘microbial mats’ in 2.9-billion-year- 
old sedimentary rocks from South Africa—a 
find that significantly augments the record of 
such structures from the Archaean eon, which 
ended 2.5 billion years ago. 

Microbial mats are communities of micro- 
organisms that grow in or on otherwise loose 
sediments, giving their substrate cohesiveness 


and tensile strength. Their consolidating effect 
means that they can produce a trace fossil 
record in sandstones and mudstones — even 
when no organic matter or microfossils are 
preserved. Structures that owe their existence 
to the stabilizing influence of mats can thus 
be important markers of ancient microbial 
ecosystems that would otherwise remain 
undetected. 

Noffke et al.° describe sandstones of the 
Sinqueni Formation, part of the Pongola Super- 
group of eastern South Africa. These rocks 
were formed from sandy sediments deposited 
ina tidal environment 2.9 billion years ago, but 
several features preserved in them demonstrate 
a cohesiveness not seen in unconsolidated 
sand, Three structures seem to point particu- 
larly conclusively to an overlying microbial mat 
(Fig. 1). First,anomalously coherent, deformed 


Figure1| Matfinish. Noffke et al.’ find features in 2.9-billion-year-old rocks from the Pongola 
Supergroup in South Africa that are similar to those caused by microbial mats in intertidal zones 
today (left, fossil Pongola feature; right, contemporary feature for comparison): a, uprooted and 
redeposited mat chips;b, overfolded rock chips; ¢, oscillation cracks, 
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chunks of sandy bed would have originated 
as chips of mat ripped up by energetic tidal 
currents and subsequently redeposited 
(Fig. 1a). Second, overfolded chips of rock 
(clasts) indicate where pieces of mat were 
rolled over on themselves, unexpected behav- 
iour for layers of loosely associated sand grains 
(Fig. 1b). Third, oscillation cracks are present; 
these features would have been formed above 
the normal tidal range when pockets of gas 
periodically accumulated under, and escaped 
from, the mats (Fig. 1c). Such processes caused 
the mats’ surfaces to expand and contract, 
forming cracked beds with upturned edges. 

The Sinqueni rocks formed from mud-poor, 
quartz-rich sediments, and there was little 
else other than microbial mats that could have 
provided the material strength to form these 
features. The observation that specific struc- 
tures were formed in the same places, relative 
to the tidal range, where they are found today 
adds confidence to this interpretation. This 
particularly well-preserved and diverse set of 
mat-related structures thus adds to a growing 
record of sedimentary microbial communi- 
ties extending from 3.4 billion years ago to 
the present. Remarkably, many of the physi- 
cal properties of mats and the environments 
in which they grew seem not to have changed 
over most of that time. 

So what can this record tell us about micro- 
bial evolution? Noffke et al.° conclude that the 
mat features they observe are consistent with, 
but not necessarily indicative of, construction 
by photosynthesizing cyanobacteria. Evidence 
of the existence of these organisms 2.9 billion 
yearsago would be intriguing. Cyanobacteria 
are the only organisms to have independently 
evolved the ability to produce oxygen dur- 
ing photosynthetic growth; algae and green 
plants ultimately acquired their capability for 
oxygenic photosynthesis through symbiotic 
associations with cyanobacteria. The produc- 
tion of oxygen by cyanobacteria and its conse- 
quent accumulation in surface environments 
drove many organisms to evolve to exploit 
oxygen in their metabolism and biosynthesis*. 
This process ultimately allowed the incredible 
diversification of macroscopic body plans that 
began about 600 million years ago. The oldest 
evidence so far of oxygenic photosynthesis by 
cyanobacteria comes from 2.7-billion-year-old 
molecular fossils found in Western Australia’, 
and the interpretation of even these fossils is 
not completely resolved®”. 

Unfortunately, Noffke and colleagues’ 
older mat structures tell us nothing about the 
metabolism of the organisms that constructed 
them, Thestability they gave to the sands of the 
Sinqueni Formation could, as studies of mod- 
ern microbial mats bear witness, be the result 
of atleast two processes. First, filamentous bac- 
teria can form meshes that trap and bind sand 
grains; second, microbially produced slime 
can encase sediments'°, Neither mechanism 
is specific to organisms growing by oxygenic 
photosynthesis, and thereis no known general 
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link between metabolism and the details of mat 
construction. 

Most of what is currently known about 
microbial mats and their effect on sedimenta- 
tion comes from studies of mats constructed 
primarily by cyanobacteria in modern, oxy- 
gen-rich environments. But oxygen did not 
accumulate in the atmosphere and the surface 
ocean in appreciable amounts until at least 
2.5 billion years ago". Before that time, might 
other organisms — such as the ancestors of 
modern anoxygenic photosynthetic bacteria or 
methane-producing microorganisms — have 
constructed similar mats in shallow environ- 
meats, in which water currents are present, that 
have since come to be dominated by oxygenic 
organisms? Does evidence for cohesive sandy 
sediments even imply that sediment-bind- 
ing behaviour by filamentous microbes, and 
slime production, were necessarily operating 
in the same way 2.9 billion years ago as they 
do now? 

Noffke and colleagues’ observations* help 
fill in the geological record of microbial 
communities and ecosystems at a potentially 
critical stage in their evolution. They tell us 


that microbes were constructing cohesive 
mats in early tidal environments much as 
they do today. But what this means in detail 
for the physiology and behaviour of the organ- 
isms involved is an open question, and onethat 
awaits future studies of the mechanisms ofmat 
construction in both aerobic and anaerobic 
environments. tl] 
Michael M. Tice is in the Department of Geology 
and Geophysics, Texas A&M University, 
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MAGNETOSPHERIC PHYSICS 


Hiss from the chorus 


Craig J. Rodger and Mark A. Clilverd 


What is the origin of the broadband, low-intensity radio waves thought to 
control the radiation belts that surround Earth? The latest suggestion sees 
this ‘hiss’ emerging from an unsuspected quarter. 


Hard on the heels of the Soviet Union, the 
United States entered the space race fraction- 
ally over 50 years ago. The scientific instru- 
mentation of America’s first Earth-orbiting 
satellite, Explorer 1, launched on 31 January 
1958, was designed and built under the direc- 
tion of one James Van Allen of the University 
of Iowa. It included a Geiger counter, the first 
recordings from which reportedly moved one 
of Van Allen's team to utter an exclamation 
ripe for a science-fiction movie’: “My God, 
space is radioactive!” Since that first entirely 
unexpected revelation about our near neigh- 
bourhood, the belts of radiation that envelop 
Earth — the Van Allen belts — have only 
slowly yielded their secrets. The latest devel- 
opment is recounted by Bortnik et al.” on 
page 62 of this issue: a new explanation for 
how the gap found in their midst arises. 

The Van Allen belts consist of a cloud (a 
‘plasma’) of highly energetic charged parti- 
cles, mainly electrons and protons, trapped 
by Earths magnetic field. During ‘quiet’ times, 
the energetic electrons of the radiation beltare 
distributed into two regions: the inner belt, 
at altitudes above Earths Equator of between 
around 1,500 and 10,000 km; and the outer 
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belt, between around 19,000 and 64,000 km 
up (Fig. 1). These two belts are separated by 
the ‘electron slot; in which the population of 
energetic electrons drops by between 10 and 
100 times. Disturbances in Earth's magnetic 
field, known as geomagnetic storms, can lead 
to the slot becoming filled with energetic elec- 
trons, probably from the outer belt. But the slot 
rapidly clears, principally as electrons precipi- 
tate along magnetic field lines (thus bypassing 
the inner belt) intothe underlying atmosphere. 
Because of its low population of energetic 
electrons, the slotis a relatively benign envi- 
ronment, and is favoured for ‘medium Earth 
orbiting’ satellites that are used extensively for 
telecommunications. 

What causes the depletion of electrons in 
the slot is unclear, but it’s probably some form 
of resonance between high-energy electrons 
and radio waves propagating through space. 
Ithas become clear that one variety of radio 
wave, plasmaspheric hiss, is crucial to the pro- 
cess*, Hiss is aptly named: it is a noisy emis- 
sion, spread over a limited frequency band 
from about 100 hertz to 1 kilohertz, and it fills 
thecold, dense plasma of low-energy particles 
— the plasmasphere — that encircles Earth’s 
atmosphere. 

But what causes hiss? A recent study* into the 
statistical patterns in the amplitudes of radio 
emissions observed by spacecraft resuscitated 
an old idea’: that hiss might be the product 
of radio waves from terrestrial lightning that 
leak into the plasmasphere and progressively 
disperse there. The initial radio pulse from 
lightning is well known to interact with elec- 
trons inthe inner Van Allen belt®, but the idea 
that its influence extends farther, into the slot, 
proved controversial’. Shortly afterwards, the 


Figure 1 | Earth's engirdling 
belts. The Van Allen radiation 
belts (light blue) consist of thot’ 
energetic particles trapped in 
Earth’s magnetic field. Owing 
to the flow of the wind from the 
Sun, Earth’s field, and hence 
also the belts, are compressed 
on the side facing the Sun 

and stretched out on the side 
facing away. The electron-slot 
region lies between the inner 
and outer electron belts, and is 
located inside the plasmasphere 
(magenta), which is filled with 
‘cold’, dense plasma, The red 
line shows the ray-traced path 
of aradio-wave chorus emission 
outside the plasmasphere 
Bortnik et al. propose” that 

- chorus emissions, originating in 
the outer Van Allen belt outside 
the plasmasphere, can gain 
access to the plasmasphere and 
drive processes that lead to the 
formation of the electron slot. 
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possibility seemed laid to rest when extended 
satellite data sets indicated that lightning-gen- 
erated radio waves might indeed be respon- 
sible for noise in the plasmasphere at higher 
frequencies above 2 kHz, but could not be 
responsible for hiss’s lower-frequency noise®. 

Another source for hiss that has been con- 
sidered over the years is in situ amplification 
of random background thermal noise, a seem- 
ingly obvious candidate given hiss’s broadband 
nature. Butthis mechanism has been effectively 
ruled out because insufficient amplification 
would be generated under typical conditions. 

Bortnik ef al. providea new, self-consistent 
explanation for the generation of plasmaspheric 
hiss that reproduces its fundamental proper- 
ties. Their suggestion stems from modelling the 
propagation of high-intensity, coherent ‘chorus’ 
radio waves found outside the plasmasphere. 
Again, the name is apt: when these emissions 
are played back through anaudio speaker, they 
sound like a dawn chorus of birds. The authors 
provide convincing arguments for the way in 
which this high-intensity, narrow-band chirp- 
ing can ‘evolve’ into low-intensity broadband 
noise, filling the plasmasphere and ultimately 
being observed as hiss. 

Chorus waves are rapidly gaining a repu- 
tation as the driver of large, rapid changes in 
populations of energetic electrons when they 
are dumped in the atmosphere during geo- 
magnetic storms”. Such events are followed 
a few hours later by the chorus-driven accel- 
eration of lower-energy electrons in the outer 
belt to relativistic energies, which increases 
the population of energetic electrons there 
hundreds or thousands of times”. These elec- 
trons have been nicknamed killer electrons, 
owing to their ability to disrupt, damage or 
destroy satellites in the outer radiation belt — 
principally those in geostationary orbits some 
36,000 km up, in the heart of the outer Van 
Allen belt. If Bortnik and colleagues’ are cor- 
rect, chorus not only plays an important part 
in electron acceleration, but also drives some 
of the mostsignificant loss processes that occur 
in thebelts. 

This modelling study is unlikely to be the 
final word on the formation of the electron 
slot, or indeed on the origins of plasmaspheric 
hiss; an experimental confirmation will, of 
course, be required. Nonetheless, the idea has 
the potential to be a ‘circuit breaker’ in our 
understanding of the radiation belts, pointing 
us at last towards a new and more convincing 
generation mechanism. The possibility that the 
drivers for phenomena in the Van Allen belts 
mightbe processes occurring tens of thousands 
of kilometres away from Earth is a fascinat- 
ing one. The next generation of satellite mis- 
sions designed to investigate these questions 
—among them NASA’ Radiation Belt Storm 
Probes mission and the Canadian Space Agen- 
cy’s Outer Radiation Belt Injection, Transport, 
Acceleration and Loss Satellite (ORBITALS) 
— might well providea definitive answer. 
Craig J. Rodgers in the Department of Physics, 
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GENOMICS 


Fungal symbiosis unearthed 


Dan Cullen 


Associations between plant roots and fungi area feature of many terrestrial 
ecosystems. The genome sequence of a prominent fungal partner opens 
new avenues for studying such mycorrhizal interactions. 


Plants and fungi often form marriages of con- 
venience. In one form of this symbiotic rela- 
tionship — an ectomycorrhizal association 
— long, branching fungal filaments known 
as hyphae ramify between cells of the root's 
outer layers, form a sheath around the root, 
and radiate outwards into the surrounding 
soil and litter. This transport network then 
allows the fungus to derive photosynthetically 
produced sugars from the host and in turn to 
transfer nitrogen and phosphorus to the plant. 
The ectomycorrhizal fungus Laccaria bicolor 
has been widely studied, in part because it is 
easy to grow in culture and establishes mycor- 
rhizal associations with tree roots in laboratory 
experiments (Fig. 1). In a giant step forward, 
an international team of investigators report 
the genome analysis of this fungus. The analy- 
sis, published by Martin et al. on page 88 of 
this issue’, revealsa mix of the intriguing and 
the unexpected. 

At 65 million base pairs, the genome of 
L. bicolor is bigger than that of previously pub- 
lished fungal genomes. The size may be partly 
explained by the large number of mobile DNA 
sequences, known as transposable elements, 


that constitute more than 20% of the genome. 
Using a combination of gene-prediction tools, 
the authors’ identify 20,614 protein-encod- 
ing genes. Of these, about 70% (14,464) show 
significant similarity to sequences in pro- 
tein databases, particularly those from other 
homobasidiomycetes, the major fungal taxon 
to which L. bicolor belongs. Compared with 
other fungal genomes, the L. bicolor genome 
contains both more and larger gene families. 
Most of them have clear orthologues in other 
fungi — that is, they are genes that evolved 
from a common ancestor. Others, however, 
are unique to L. bicolor. Perhaps reflecting 
the complex exchange of nutrients between 
L, bicolor and its hosts, there is an especially 
large number of predicted membrane-bound 
transporter proteins, 

An expectation of fungi that colonize for- 
est litter is that they should secrete enzymes 
that break down cellulose and perhaps also 
lignin, two of the main components of plant 
cell walls. A voluminous literature and recent 
genome analysis of cellulolytic organisms** 
and aggressive plant pathogens” affirm acom- 
mon strategy for efficient cellulose degradation. 


Figure 1 |Laccaria bicolor in action. ‘This sequence of micrographs shows the colonization of poplar 
(Populussp.) roots by this fungus. The images, from left to right, were taken 3, 10 and 28 days after 
initial fungus-root contact. By day 28, hyphal cells (green) form a dense external sheath and penetrate 
between host cells, (Photos are x120 and are courtesy of J. Richter and V. Legué, INRA-Nancy.) 
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Minimally, this strategy involves a synergistic 
attack by exocellobiohydrolases and endo- 
glucanases, and the activities of these extra- 
cellular enzymes are often enhanced by their 
having cellulose-binding structural domains. 
Unexpectedly, given the capacity of L. bicolor 
to persist in litter, the genome of this fungus 
reveals only a single gene encoding an endo- 
glucanase with a cellulose-binding domain, 
and no genes for exocellobiohydrolases. There 
is also little evidence of the oxidative systems 
necessary for lignin degradation; genes encod- 
ing lignin-depolymerizing peroxidases, which 
generally occur as multigene families in effi- 
cient lignin-degrading fungi, are absent. 

Thus, L. bicolor seems to be poorly adapted 
for efficient degradation of carbon-richligno- 
cellulose, which may reflect a reliance on 
host-supplied carbon. In contrast, the high 
number of genes encoding various glycoside 
hydrolases and proteinases that are predicted 
by the authors may indicate a capacity to use 
alternative nutrient sources (such as insects, 
bacteria and decomposed organic matter) and 
to transfer nitrogen and phosphorus to the 
host. In this connection, interactions within 
the broad microbial community, including bac- 
teria present inside the fungal cells’, may have 
an important role in mobilizing soil nutrients. 

A paucity of predictedenzymes that degrade 
plant cell walls has also been observed in the 
genome of Ustilago maydis*, a distantly related 
basidiomycete that is the causal agent of corn 
smut. The hyphae of this amazing pathogen 
proliferate within the plant, but rather than 
causing rapid cell death and necrosis, the 
fungus induces spectacular, spore-filled 
tumours. Kamper et al. presciently suggested 
parallels between such pathogens and “plant- 
growth-promoting mycorrhizal fungi”; the 
absence of conventional cellulases in L. bicolor 
and U, maydis supports this view. 

Another intriguing similarity with U. maydis 
is the impressive number of sequences pre- 
dicted to encode secreted proteins of fewer 
than 300 amino acids in length. In U. maydis, 
the genes for these ‘secreted small proteins’ 
are extensively clustered and the proteins are 
implicated in pathogenesis. Gene clustering is 
notas pronounced in L. bicolor, butit is tempt- 
ingto speculate that in L. bicolor some of these 
proteins are involved in establishing and main- 
taining symbiotic interactions. Consistent with 
this possibility, the whole-genome expression 
microarrays carried out by Martin et al.’ show 
that several genes encoding secreted small pro- 
teins are expressed during symbiosis. Another 
analytical technique used by the authors was 
immunofluorescence microscopy, through 
which one such secreted small protein was 
localized to hyphae within colonized roots, but 
‘was not evident in the free-living fungus. 

With the genome of L. bicolor in hand, 
we should see rapid progress in elucidating 
the molecular processes involved in symbi- 
otic interactions’, In addition to the expres- 
sion microarrays and immunofluorescence 


studies described by Martin et al’, direct 
genetic manipulation of L. bicolor may be 
within reach’. Further, the ability of L. bicolor 
to form mycorrhizae with Populus trichocarpa, 
which is the only tree whose genomehas been 
sequenced to date"’, offers unique opportu- 
nities for comprehensive investigations of a 
complete ectomycorrhizal system. a 
Dan Cullen is at the USDA Forest Products 
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SOLID-STATE PHYSICS 


How does your quasicrystal grow? 


Paul J. Steinhardt 


Somewhere between theamorphous glasses and the rigidly regimented 
periodic crystals lie the quasicrystals: ordered, predictable, yet non-periodic 
arrangements of atoms. Howdo these strange structures form? 


Just as it’s easy to construct a mosaic of square 
tiles simply by adding tiles one ata time, so it’s 
little trouble for atoms to arrange themselves 
into an analogous, perfectly periodic pattern: 
acrystal. The rules for constructing another 
class of mosaic — a quasicrystal — seem to be 
much more complex. So how is it that atoms 
can rapidly organize themselves into quasi- 
crystalline solids with seemingly little extra 
effort? Using computer simulations, Keysand 
Glotzer, writing in Physical Review Letters’, 
take a fresh look at this long-standing puzzle. 

To get an idea of what a quasicrystal looks 
like, one need only look at a mosaic of so-called. 
Penrose tiles (Fig. 1). These patterns, invented 
by Roger Penrose in the 1970s, consist of two 
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differently shaped tiles for which there are 
certain rules constraining how they can join 
edge-to-edge. These rules can be satisfied 
everywhere only if they are arranged ina til- 
ing with five-fold rotational symmetry — the 
same asa regular pentagon. This symmetry is 
mathematically incompatible with forming a 
periodic pattern, The Penrose tiling is non- 
periodic: if you shift itby any amount to the 
right or left, or up or down, the pattern will 
never overlay the original exactly. Yet the 
sequence of tiles is not random either. It can 
be described by a finite sum of periodic func- 
tions the ratio of whose periods is irrational 
(it cannot be expressedas the ratio of two whole 
numbers) — a kind of spatial disharmony. 


Figure 1| Quasicrystalline mosaic. 


\J S} A Penrosetiling, which has five-fold 


symmetry, is constructed from two 
types of tile (blue and green), each 
decorated with white lines. The rules 
for joining the tiles edge-to-edge 
equate to requiring the lines to match 
and form a straight line across their 
common edge. Furthermore, fora 
site on the surface of the tiling to be 
‘sticky, the short-range forces between 
tiles require that there be only one 
way to add tiles that satisfies therules, 
Keys and Glotzer! have modelled 
simple interatomic forces that cause 
atom clusters to arrange themselves 
in quasicrystal layers analogous to 

a Penrose tiling, but with 12-fold 
symmetry. 
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Figure2 | Assimilation simulation. According to Keys and Glotzer’s model', a quasicrystal nucleus 
(yellow atoms) grows from a bulk liquid (blue) by assimilating icosahedral clusters (red) whose 
formation is favoured in a supercooled liquid. (Atoms are shown at 60% of their actual size relative to 


the space they occupy.) 


A similar sum of functions describes the 
arrangement of atoms in a quasicrystal solid. 

In the quasicrystalline arrangement, no 
two atoms (or tiles) occupy equivalent posi- 
tions: they might have the same arrangements 
of nearest neighbours, but if the surrounding 
atomic configurations are compared out to an 
arbitrary distance, differences inevitably crop 
up. Although Penrose’ rules allow a perfect 
space-filling mosaic pattern to form, experi- 
menting for a few minutes shows that actually 
constructing that patternis difficult. Even if 
you begin froma seed cluster of tiles that is 
part ofa perfect Penrose pattern, adding tiles 
randomly according to the rules leads to fre- 
quent mismatches and defects. The attachment 
of one tile may conflict with what is needed for 
the ideal configuration surrounding another 
tile a great distance away. 

By analogy, for some time after the idea of 
quasicrystals was first proposed’, it was argued 
that highly perfect quasicrystalline solids 
could never be formed. Physically unrealistic 
long-range interactions would be required to 
ensure that each atom attaches properly to its 
unique position. And indeed, the first quasi- 
crystals observed in the laboratory’ were highly 
imperfect. 

Then, in 1988, theorists used Penrose tiles 
to show that local interactions suffice to grow 
perfect quasiperiodic patterns*. The proof 
relied on constructing short-range forces 
between tiles that allow perfect growth to 
occur stochastically: a vertex on the surface of 
a finite Penrose pattern is chosen at random 
andatile is added depending on whether the 
interaction between the new tile and the exist- 
ing tiles at the vertexis ‘sticky or ‘non-sticky’ 
according to short-range forces acting there. If 
the seed from which the tiling grows contains a 
particular kind of point-like topological defect, 
there are guaranteed to be sticky sites on the 
surface no matter how many tiles are added. 
A quasicrystal tiling can then grow rapidly 
ad infinitum without the need for any further 
defects or mismatches. Analogously, real atoms 
or groups of atoms should be able to attach to 
aseed atomic cluster when a quasicrystalline 
solid grows from a liquid. 
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Coincidentally, soon afterwards new com- 
binations of elements were discovered (such 
as an alloy mixture of aluminium, iron and 
copper) that form large, faceted, highly per- 
fect quasicrystals; many physical examples can 
now be grown in the laboratory’. Notably, it 
hasalso been shown that similar growth results 
can be obtained using asingle decagonal (ten- 
sided) tile instead of the two Penrose tiles, and 
simpler local forces that distinguish sticky 
from non-sticky sites*. The relationship 
between these idealized mathematical stud- 
ies of tilings and real quasicrystal growth has 
never been fully established. 

Keys and Glotzer’ use computer simulations 
to movethe issue of quasicrystal growth out of 
the abstract realm of two-dimensional tilings, 
and into the more realistic world of atoms 
interacting in three dimensions. Their start- 
ing point is a supercooled liquid in which the 
interactions between pairs of atoms are gov- 
erned bya simple, isotropic potential”. In the 
supercooled liquid, these potentials favour the 
formation of icosahedral (20-faced) clusters of 
atoms. In the solid state, a regular crystal will 
form under thermal-equilibrium conditions. 
On rapid supercooling, however, the outcome 
is adodecagonal quasicrystal that has 12-fold 
symmetry in one plane and is periodic in 
its third dimension. The rapid growth of the 
quasicrystal occurs by the assimilation of 
icosahedral clusters from the liquid (Fig.2) —a 
process similar in spirit to the production of 
two-dimensional tilings using only decagonal 
tiles and simple, short-range forces’. 

Beginning from the same small seed nucleus 
each time, Keys and Glotzershow that they can 
repeatedly grow almost the same structure 
each time — near-perfect quasicrystals — even 
though the growth process itself is stochastic, 
in the sense that the order in which the clusters 
join varies randomly from trial to trial. That 
indicates that the structure is strongly deter- 
mined by the local forces between clusters 
in the liquid and thosein the seed tiling. The 
imperfections correspond to ‘phason defects, 
local rearrangements of atomic clusters rela- 
tive to the ideal structure, whose positions 
vary from trial to trial, indicating an element of 
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randomness. The authors do not make the 
connection between simulations and the 
abstract tiling studies, but their results are 
markedly similar to what would be found 
for mosaics if occasional violations of local 
rules and attachments to non-sticky sites were 
allowed. 

One should be careful not toread too much 
into non-equilibrium simulations of afew 
thousand atoms, as this is a minute fraction 
of the number in a real quasicrystal sample. 
Nevertheless, the results raise many ques- 
tions that should fuel future studies. Can the 
simple interatomic potential used by Keys and 
Glotzer —or other simplepotentials — induce 
the growth of solids with truly long-range 
quasicrystalline order? Ifso, does that growth 
occur through local interactions that distin- 
guish sticky and non-sticky sites on the seed 
cluster, in agreement with the tiling theory? If 
not, what mechanism accounts for the degree 
of order found in the simulations? 

One way to explore these questions would 
be to study growth froma seed possessing a 
topological defect to see ifit leads to the kind 
of perfect and reproducible results found with 
tilings‘. One might also ask whether there are 
local growth rules for quasicrystals with sym- 
metries other than the 12-fold symmetry of 
Keys and Glotzer’s dodecahedra, and whether 
such growth processes can also be simulated 
with simple interatomic potentials. Then 
thereis the issue of whether this analysis can 
be extended to the more realistic case of alloys 
of two or three elements. 

Such investigations could provide a new 
understanding of why quasicrystals form, 
and make it possible to grow even more 
highly perfect quasicrystalline solids, as well 
as quasicrystalline colloids and more general 
self-assembled heterostructures. Intriguing as 
such studies are on a fundamental level, there 
is alsoa strong practical interestin understand- 
ing these materials: quasicrystalline solids 
are stronger and less deformable than normal 
crystals made of similar elements, and the 
photonic bandgap structure in some quasi- 
crystal dielectric heterostructures might make 
them immensely valuable in circuits that work 
on the basis not of electrons, but oflight. m= 
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Cyclical DNA methylation of a 
transcriptionally active promoter 


Raphaél Métivier', Rozenn Gallais', Christophe Tiffoche’, Christine Le Péron’, Renata Z. Jurkowska’, 
Richard P. Carmouche®, David Ibberson’, Peter Barath't, Florence Demay’, George Reid’, Vladimir Benes®, 
Albert Jeltsch®, Frank Gannon*} & Gilles Salbert! 


Processes that regulate gene transcription are directly under the influence of the genome organi: in. The epigenome 
contains additional information that is not brought by DNA sequence, and generates spatial and functional constraints that 
complement genetic instructions. DNA methylation on CpGs constitutes an epigenetic mark generally correlated with 
transcriptionally silent condensed chromatin. Replication of methylation patterns by DNA methyltransferases maintains 
genome stability through cell d in. Here we present evidence of an unanticipated dynamic role for DNA methylation in 
gene regulation in human cells. Periodic, strand-specific methylation/demethylation occurs during transcriptional cycling of 
the pS2/TFF1 gene promoter on activation by oestrogens. DNA methyltransferases ext dual actions during these cycles, 
being involved in CpG methylation and active demethylation of °*"CpGs through deamination. Inhibition of this process 
precludes demethylation of the pS2 gene promoter and its subsequent transcriptional activation. Cyclical changes in the 


methylation status of promoter CpGs may thus represent a critical event in transcriptional achievement. 


Differential expression of the eukaryotic genome through cell differ- 
entiation or response to environmental changes requires specific 
modulation of its nuclear organization. These processes enable regu- 
lated genes to prevail against regulatory constraints of chromatin 
structure in which DNA is wrapped around core nucleosomes 
consisting of octamers of histones H2A, H2B, H3 and H4 (refs 3, 
4). Overcoming the structural restriction of chromatin upon gene 
expression is achieved in part through the modulation of particular 
marks that define active or inactive chromatin domains. DNA 
methyltransferases (Dnmts) establish and maintain the pattern of 
genomic DNA methylation on cytosines of CpG dinucleotides. 
This epigenetic mark is linked to gene repression: hypomethylated 
DNA is associated with active genes, whereas hypermethylated genes 
are silent’. Although gene expression correlates with CpG demethy- 
lation®’, processes that either remove the 5-methyl group or that 
exchange methylated cytosines (*"C) with cytosines are unclear in 
metazoa. Only multiple rounds of cell division without Dnmt- 
mediated remethylation have been demonstrated to erase these epi- 
genetic marks*®. By contrast, plants have two glycosylase/lyases that 
initiate active *C demethylation”. Post-translational modification 
of histones by acetyl transferases (HATS), deacetylases (HDACs) or 
methyl transferases (HMTs) modulate histone/histone and DNA/ 
nudeosome contacts. In addition, specific patterns ofhistone modi- 
fication define a code that dictates the sequential and dynamic 
recruitment of transcription factors''. Chromatin plasticity is further 
modulated by ATP-dependent complexes such as SWU/SNF or NuRD 
that rearrange nucleosome organization along the chromatin fibre. 

Important insights into mechanisms of transcriptional regulation 
were recently obtained with studies on oestrogen-receptor-o (ERo; 
NR3A1)-driven gene expression'*", ERo belongs to the nuclear 
receptor superfamily of transcription factors'* and binds to cognate 
DNA sequences (oestrogen responsive elements, EREs). The binding 
of oestradiol (E,) into a carboxy-terminal hydrophobic pocket of 


ER« induces three-dimensional modulation of surfaces that interact 
with cofactors'®, Studies using chromatin immunoprecipitation 
(ChIP) demonstrated that, once recruited to target promoters, E,- 
bound ER« induces an ordered and cyclical recruitment of coacti- 
vator complexes, some of which contain HAT, HMT or ATP- 
dependent remodelling activities‘. We demonstrate here that 
Dnmt-dependent variations of the methylation status of CpGs within 
the pS2 gene promoter are integral components of the ‘transcrip- 
tional clock that controls the progression through these cycles 
(concluding scheme in Supplementary Fig. 10). 


CpG methylation of active pS2 promoter 

In MDA-MB231 cells stably expressing ERo. (MDA::ER«), transcrip- 
tional cycles of the pS2 gene promoter in the presence of E, (10 * M) 
mirror those already observed in MCF-7 cells’, as evaluated through 
ChIP experiments on GO/G1 synchronized cells (72h of serum 
deprivation) initially treated with 2.5 1M o-amanitin for 2 h. This 
pre-treatment generates an initially transcriptionally silent experi- 
mental background that facilitates the observation of the transcrip- 
tional cycles of the pS2 promoter". Significantly, the NuRD complex 
engages the promoter? h after E, addition, as indicated by the mobi- 
lization of its Mi2 component (Fig. 1a). We envisioned that DNA 
methylation may target NuRD to the promoter at this specific time, 
as NuRD indudes *"CpGs-binding domain (MBD) containing pro- 
teins (MBPs), such as MBD2 and/or MBD3"”. Accordingly, MBD2, 
MBD3 and MeCP2, another MBP, engage the p52 promoter (Fig. 1a) 
when transcription of the p52 gene is reduced (run-on experiments 
shown within Fig. 1b), Sequential-ChIP (Supplementary Fig. 1) 
and kinetic ChIP assays summarized in Fig. 1c demonstrate that 
MBD2 and MBD3 engage the promoter when Mi is also present, 
in agreement with an inclusion within NuRD”. By contrast, but in 
accordance with a previously identified interaction", MeCP2 is 
simultaneously recruited to the pS2 promoter with SWI/SNF (as 
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defined by the recruitment of its Brg] component) at the end of each 
transcriptionally productive cycle. 

MBPs may cyclically engage the p52 gene promoter in consequence 
of variations in the methylation status of some CpGs, which was 
therefore evaluated through bisulfite sequencing. Within the 19 
CpGslocated between —701/+25 of the pS2 promoter, some exhibit 
a constant methylation state: -654, —609, —601, —544 CpGs are 
methylated, the —443 unmethylated and the —301 apparently 
hemi-methylated (Fig, 1d; methylation pattem of sequenced clones 
within Supplementary Fig, 2). By contrast, the methylation status of 
the 13 remaining CpGs changes with kinetics not consistent with 
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replication-induced methylation’ (Supplementary Fig. 3). Strand- 
specific demethylation of the —519, —507, —399, —354, —84, 
—56, +11 and +17 CpGs occurs at the end of the first cycle. In 
addition, cytosines at positions —399, —56 and +11 are remethy- 
lated when the pS2 promoter becomes transcriptionally quiescent 
(70-80 and 110-120 min). Cytosines at —181, —20, —13 and —9 
have peak methylation at 120 min, coincident with the departure of 
ERz« from the pS2 promoter. The cytosine located on the non-coding 
strand at position —387 becomes methylated at 120 min, and then 
demethylated on initiation of the following transcriptional cycles. 
Methylation of the —9 and —20 CpGs at 120 min is not strand spe- 
cific and may result in hemi-methylation or complete methylation. 
Importantly, the methylation pattern of the pS2 promoter is reset by 
serum deprivation, and cycles of methylation of the pS2 promoter are 
observed in cells that were not treated with o-amanitin (Supple- 
mentary Figs $3 and $4), Transcriptional regulation of the pS2 gene 
therefore involves cyclical variation in CpG methylation, with initial 
demethylation of CpGs affecting only the transcribed strand. 


Dual roles of Dnmts in pS2 transcription 
We then determined which Dnmt(s) were involved in methylation 
events through resolving their mobilization on the pS2 promoter. 
Serum-deprived MDA:ER« cells were treated with 10nM E, for 
6h. Thisis sufficient to observe an induction of p52 gene expression, 
andto generate a cell population in which we can observe all proteins 
that are present on E,-activated pS2 promoters. We detected an 
enrolment of Dnmtl, Dnmt3a and Dnmt3b, but not Damt2, on 
pS2 promoters (Fig. 2a). Depletion of ER« protein, by treatment 
for 16h with the ERo antagonist ICI, g2,7g9 (ICI), reduced both pS2 
gene expression and the recruitment of Dnmt3a and 3b (Fig. 2a), 
indicating that conscription of these enzymes is linked to the 
transcriptional activity of the p52 gene. Addition of 1M 5-Aza- 
deoxycytidine (5-Aza-dC) for 24h, which when incorporated into 
DNA prevents Dnmt action, stimulated the basal expression of the 
pS2gene, but reduced its induction by Ex. Conversely, treatment with 
5-Aza-dC reduced recruitment of ER and Dnmt3a in the presence 
of E,, abrogated Dnmt! engagement, and affected the mobilization of 
Dnmt3b to the p$2promoter (Fig. 2a). Sequential-ChIP experiments 
(Fig. 2b-d, summarized in Fig. 2e) indicate that, after E, exposure, 
and correlated with CpG methylation, pS2 promoters are co- 
occupied by Dnmtl, MeCP2 and SWI/SNF, at the end of each tran- 
scriptionally productive cycle. In addition, at 80 and 105 min after 
oestrogenic stimulation, Dnmt3a/b are present on the pS2 promoter. 
Significantly, Dnmt3a/b are also recruited at the beginning of each 
transcriptionally productive cycle, when demethylation of asubset of 
®™CpGs occurs. 

‘These results suggest that Dnmt3a/b have roles in both methyla- 
tion and demethylation, We used RG108, which directly blocks 
the activity of Dnmts without integrating into DNA'**®, to probe 
the roles of Dnmts in the cyclical commitment of the pS2 gene. 
Pre-treatment of MDA::ERa cells with RG108 for 1-8h inhibited 


Figure 1| Cyclical methylation of the pS2 promoter. a, ChIP experiments 
were performed using the antibodies shown, on chromatin prepared from 
cells sampled at 5 min intervals after o-amanitin release (see flow chart). The 
amounts of immunoprecipitated p$2 promoter (—376/—52) were 
quantified by real-time quantitative PCR (qPCR) and normalized to inputs. 
b, Run-on assays measuring pS2 gene transcription, Data were normalized 
against control ribosomal phosphoprotein RPLPO (PO) messenger RNA, 
and presented as mean values + s.e.m. (n = 3). Recruitment of 
phosphorylated polymerase II (P-Pol IT) to the pS2 promoter, as determined 
by ChIP, is also shown, c, Schematic summarizing sequential-ChIP 
experiments on the co-occupancy of the pS2 promoter with MBPs, NuRD or 
SWI/SNE (Supplementary Fig. 1). d, Methylation status of individual CpG 
on upper (coding) and bottom (transcribed) strands as determined by 
bisulphite sequencing. ‘Control’ indicates initial methylation status before 
o-amanitin treatment. Occupancy of ER. to the pS2 promoter, estimated by 
ChIP analysis, is indicated below. 
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induction of pS2 gene transcription by E35 however, pS2 expression 
was increased two- to threefold after treatment for 24~72 h (Fig. 3a). 
Long-term exposure to RG108 also provoked re-expression of the 
pS2genein native MDA cells, corroborating observations made using 
5-Aza-dC™. RG108 did not affect expression of ER (Supplementary 
Fig. 5). We then evaluated the impact of RG108 on the methylation 
status of three CCGG sites (—354, —84 and —20, Fig. 3b) using the 
methylation sensitive endonuclease Hpall, which does not restrict 
hemi- or fully methylated C*"CGG. Pre-treating cells with RG108 for 
2 h before o-amanitin synchronization prevented demethylation ofall 
three °"CpGs, whereas all became unmethylated after 72h of RG108 
pre-treatment (Fig, 3d). Additionally, co-treatment of MDA::ERa 
cells with RG108 and E> precluded the peak of methylation observed 
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in E treated cells at 120min (Fig. 34), without impairing the 
demethylation of the pS2 promoter that occurs around 3040 min 
after release from c1-amanitin. Presumably, this would require almost 
all intracellular Dnmts to be inactivated by RG108, as it is likely to 
occur after the 2h pre-treatment. Thus, RG108 provokes two tran- 
scriptional responses: (1) long-term stimulation, which may result 
from inhibition of CpG methylation occurring during cell replication, 
and (2) short-term inhibitory activity due to abrogation of cyclical 
methylation. 

Transcriptional cycling of the pS2 promoter is markedly affected 
by a 2h pre-incubation with RG108 (Fig. 3e). In contrast to control 
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Figure 2 | Kinetic association of Dnmts with transcriptionally active pS2 
promoter in MDA:ERa cells. a, Cells were serum-deprived for 72h and 
treated for 6 h with 10 nM E; or with ethanol (vehicle). When indicated, cells 
were pre-treated for 16h with 1 iM ICligo7eo or 24h with 2M 5-Aza- 
deoxycytidine (5-aza-dC), The recruitment of ERa and Dnmts to the p$2 
promoter is shown as the percentage of pS2 promoter bound to these 
proteins normalized to input and presented as means * s.d. of two separated 
ChIP experiments performed in duplicate. HA antibody served as a negative 
control. In parallel, pS2 and control PO mRNA amounts were evaluated by 
RT-PCR (inset). b, Sequential-ChIP analysis of chromatin prepared from 
cells after 72h of serum deprivation and 6h of treatment with 10nM E). 
Antibodies used in the first ChIP are indicated on the left of the panel, and 
those used in the second ChIP (Re-ChIP) are on the top. c, Kinetic ChIP 
assays performed as in Fig. 1. d, Sequential-ChIP analysis of chromatin 
prepared from cells serum-deprived for 72h, a-amanitin synchronized, and 
treated for 75 or 105 min with 10 nM E,. e, Illustration of the co-occupancy 
of the p52 gene promoter with Dnmts and other proteins. 


Figure 3 | Inhibition of Dnmt activity modifies p52 transcriptional cycling. 
a, qPCR of the relative expression of the pS2 mRNA in MDA or MDAzERa 
cells pre-treated for 0.5-72 h with 511M RG108 or DMSO before stimulation 
for 3h with 10 nM E,. Mean values + s.e.m. obtained from three 
independent triplicate experiments are shown, normalized to PO mRNA. 
b, To analyse the methylation status of the CpGs located within the three 
CCGG Hpall sites, restriction of the four depicted targets was evaluated by 
qPCR. Fragment I has no Hpall site and served as internal control. 

¢, Rationale of the different treatments subsequently performed: MDA::ERa. 
cells were pre-treated or not with 511M RG108 (+), synchronized by 
a-amanitin and placed into medium containing 10 nM E; and 5 uM RG108 
in the co-treatment condition (Co-trtmt). d, Genomic DNA prepared from 
cells sampled every 5 min after treatments was digested by Hpall or not 
(Mock), and the four target sequences were amplified by real-time PCR. 
Results, expressed as the percentage of amplification, are mean values 
generated from assays repeated at least three times (s.d. less than 4%). 

e, Kinetic ChIP experiments using chromatin prepared from MDA::ERo. 
cells treated as above. 
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(E; alone), the TATA-box binding protein (TBP) is never removed 
from the promoter in RG108-treated cells and phosphorylated RNA 
Polymerase Il is never present (P-Pol II antibody; Fig. 3e). Also con- 
trasting with control conditions, MeCP2 engages the promoter at the 
end of the first cycle, but NuRD never does (Mi2 protein; Fig. 3e). 
Furthermore, whereas Brgl is recruited at the beginning of the first 
unproductive and second productive cycles to generate an appropri- 
ate nucleosomal conformation“, Brg] engages the promoter at the 
beginning of each cyde under RG108 treatment for 2h. However, in 
these conditions, the inhibition of initial °"CpG demethylation pre- 
vents the pS2 promoter chromatin structure from attaining a tran- 
scriptionally permissive state (data not shown). Co-treating cells with 
E, and RG108 reduces the periodicity of pS2 transcriptional cycling 
from 50 to 35 min (Fig. 3e). Moreover, TBP and H4R3me2 are con- 
tinuously present on the p52 promoter and NuRD is never recruited. 
‘These results are consistent with the hypotheses that (1) Dnmts have 
dual roles during transcriptional initiation of p$2; and that (2) the 
peak of methylation that occurs at 120 min after E, treatment serves 
as a signal for NuRD mobilization. 


Coordinate actions of Dnmt3, TDG and BER 

Bacterial Dnmts actively deaminate cytosine and **C when methyl 
donor concentration is low****, Deaminated cytosines can be then 
repaired through base excision repair (BER). DNA glycosylases such 
as methyl-binding domain protein 4 (MBD4) or thymine DNA gly- 
cosylase (TDG) could recognize and cleave T:G mismatches gene- 
rated by deamination of °"'C. Generated abasic sites could then be 
repaired by the sequential activities of an AP endonuclease, DNA 
polymerase B, and a DNA ligase™. In accordance with such a mech- 
anism, Dnmt3a associates with TDG in MDA::ERo. cells (Supple- 
mentary Fig. 6), confirming previous observations*”*, The p68 
RNA helicase (p68), a coactivator of ERa”, also associated with 
TDG (Supplementary Fig. 6), in agreement with co-involvement in 
a putative ‘demethylation’ complex®*. We therefore reasoned that if 
Dnmt3a/b were able to deaminate °C, BER proteins might subse- 
quently be recruited to the pS2 promoter. This was evaluated through 
sequential-ChIP analysis on chromatin prepared from MDA::ERo 
cells treated with 10nM E, for 6h, after 72h of serum deprivation 
(Fig. da), and through kinetic ChIPs on synchronized cells (Fig. 4b). 
A coordinated recruitment of Dnmt3a/b, TDG, p68, an AP endonu- 
clease (REE-1), DNA polymerase f and DNA ligase I occurs at the 
beginning of each E,-directed transcriptionally productive cycle of 
the pS2 promoter (Fig. 4c). Additionally, short interfering RNA 
(siRNA) disruption of TDG expression for 72h induced a 2.5-fold 
decrease in Ey-mediated induction of pS2 gene transcription 
(Fig. 4d). This is associated with higher levels of methylation at 
positions —354, —84 and —20 (Fig. 4e). A reduction in TDG expres- 
sion therefore impairs the demethylation process and reduces pS2 
promoter transcriptional activity. 

We next assessed the potential deamination activity of Dnmt3a/b. 
Polymerase chain reaction (PCR)-synthesized DNA templates, fully 
methylated (M/M) or not (U/U) were treated with purified Dnmt3a/b 
catalytic domains. T:G or U:G mismatches resulting respectively from 
5™C ‘or C deamination were then cleaved through treatment with 
UDG (uracil DNA glycosylase) that recognizesonly U:G, or TDG that 
recognized both mismatches, followed by strand cleavage with NaOH. 
Two fragments from template DNA were amplified: a ® control 
region devoid of CpG anda test region whose amplification would 
be reduced if deamination and cleavage had occurred (Fig. 5a; addi- 
tional controls within Supplementary Figs 7 and 8). We also con- 
trolled the ability of both Dnmt3 catalytic domains to methylate the 
U/U probe. Amplification of the © fragment after Hpall restrictionin 
the presence of S-adenosyl methionine (SAM) (Fig. 5b) reflected the 
methylation state of the probe and validated our experimental set- 
tings. Although TDG has been proposed to have5"C DNA glycosylase 
activity”, this was not detected in our in vitro system. The amplifica- 
tion of the © fragment after TDG action on U/U or M/M probes 
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(Big. 5c) was reduced by Dama, and RG108 abrogated TDG- 
mediated cleavage of these templates. This indicated that deamination 
of cytosines and °C was occurring. This activity might also explain 
Dnmt3a-mediated protection against Hpall digestion observed 
within Fig. 5b in the absence of SAM. In agreement with their ability 
to increase the rate of CpG deamination by bacterial Dnmts’**’, the 
SAM analogues sinefungin (Sinf) and 5’-aminoadenosine (AA) fur- 
ther reduced amplification of the 5 fragment (Fig, 5c). Under these 
conditions, the Dnmt3b catalytic domain was able to catalyse C and 
°™¢ deamination only in the presence of SAM analogues. UDG- 
mediated reduction of the 2/@ ratio was detected only on the U/U 
probe (Fig. 5c), thereby confirming that the observed cleavages are 
consequences of deamination events, and not of other base modifica- 
tions that could be processed by TDG, which hasa broader spectrum 
of glycosylase activity. Finally, 36% or 26% of probes incubated 
with Dnmt3a or Dnmt3b, respectively, harboured at least one C/T 
or G/A mutation within CpG motifs, thereby confirming that both 
proteins are able to deaminate C and *™C (Fig, 5d, e). These values 
agree with the PCR experiments (Fig. 5c), in which only one deamina- 
tion event would prevent the amplification of the © fragment. 
Interestingly, within the 465 sequences analysed, all but two C and 
5™C mutations were within CpGs motifs. These two C to T transitions 
were observed within CpApG trinucleotides after Dnmt3b action 
on methylated probe, likely reflecting its ability to recognize and 
methylate CpA motifs”. Sequencing Dnmt3-treated DNA templates 
confirmed that, in vitro, Dnmt3s exhibit deamination activity. No 
statistically relevant preference for particular CpGs was detectable. 
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Figure 4 | Mobilization of TDG, p68, Dnmt3a/b and BER proteins during 
pS2 promoter demethylation. a, Chromatin prepared from MDA:ERa 
cells serum-deprived for 72h and treated for 6h with 10 nM oestradiol (Ep) 
was used in sequential-ChIP experiments. b, Kinetic ChIP experiments 
performed as in Fig. 1. ¢, Scheme illustrating complexes co-recruited to 
the pS2 promoter. d, e, MDA::ERo: cells were transfected or not with 
scrambled siRNAs or siRNAs targeting TDG for 48 h, and then treated for 
6h with 10 nM E,. Independent duplicate experiments were performed 
twice. Cells were then harvested for protein extraction and subsequent 
western blot experiments (WB, complete image in Supplementary Fig. 5), 
RNA preparation and RT-PCR of the indicated gene expression (mean 
values + s.e.m. of qPCR are shown as the percentage of amplification, 
with 100% ascribed to the control sample value), or genomic DNA 
preparation to analyse the methylation status of the CpGs included in the 
three Hpall sites. 
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Figure 5 | Dnmt3a/b deaminate 
(CpGs and “"CpGs. a, Scheme 
summarizing the in vitro 
deamination/methylation assays. 
Double-stranded probes 
(unmethylated or methylated; U/U 
and M/M, respectively) were 
incubated with purified wild-type 
Dnmt3a or Damt3b catalytic 
domain (b and ¢). Combinations of 
S-adenosyl methionine (SAM), 5'- 
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Discussion 
We show that CpG methylation is not only a stable epigenetic 
mark but also an integral component of transcription. Dynamic 
demethylation/methylation processes are inherent to transcriptional 
cyding of the pS2 gene. The role of methylation in transcription 
might be an important feature for a significant proportion of genes, 
as we observed transcriptional cycling and methylation cycles on 
another ERo: target gene, Wisp-2” (Supplementary Fig. 9). 
Methylation of CpGs, which occurs at the end of each transcrip- 
tionally productive cycle (75 and 105 min after promoter synchroni- 
sation), is correlated with the presence of MeCP2, SWI/SNE, Dnmt1 
and Dnmt3a/b on the pS2 promoter. This is in accordance with a 
coordinated action of Dnmt3a/b and Dnmtl” on the remethylation 
of CpGs. Demethylation of p52 promoter CpGs involves the coordi- 
nate recruitment of Dnmt3a/b, p68, TDG and BER proteins. A 
reported association of ERx with TDG resulted in transcriptional 
activation of reporter genes, but this did not require a functional 
‘TDG catalytic domain™*, However, others have shown that ERo inter- 
action with TDG increases the glycosylase activity of the enzyme”, 
with TDG suggested to be required for the hormonal control of 
transcription of a methylated template**. Although we cannot 
exclude an involvement of other proteins in demethylation, the 
concordant recruitment of TDG with BER proteins isin favour of a 
role for TDG in DNA repair after deamination, rather than ina coac- 
tivator role, We describe that, in vitro, Damt3a/b are able to deaminate 
cytosine and 5"C. It is possible that, in vivo, selectivity towards 
5®™CpGs might be imposed by local histone modifications, through 
association with proteins that transduce these marks, such as HP1*. 
Alternatively, as we performed these experiments with isolated 
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catalytic domains and not full-length Dnmt3a/b, because of protein 
production and purity requirements, it is possible that their amino- 
terminal regions might direct the catalytic domain to given sites®, 
Recruitment of Dnmt3a/b is generally associated with targeted methy- 
lation of CpGs”, as illustrated by their concomitant recruitment with 
MeCP2 and SWI/SNE at specific steps of the transcriptional cycles of 
the pS2 promoter. This implies that Dnmt3a/b function in two 
alternative modes, involved in either cytosine methylation or deami- 
nation, The association of Dnmt3alb with TDG and/or p68 may 
influence their activities, as Dnmt3a stimulates the glycosylase activity 
of TDG, whereas TDG inhibits the methylation activity of Dnmt3a in 
vitro. Alternatively, it cannot be excluded that active Dnmt3a/b are 
required for the recruitment of an as yet unidentified deaminase. 

Although reports have suggested rapid changes in CpG methy!- 
ation™, fast cyclical variation of CpG methylation is unanticipated 
and provides an additional level of regulation to genome expression. 
Demethylation of transcribed promoter DNA by Dnmt3a/b, TDG 
and BER complex could generate mismatches and strand-specific 
breaks that, if incorrectly repaired, would lead to mutations, DNA 
strand breaks or DNA repair processes have been reported during 
demethylation of CpGs in other experimental systems. CpG 
methylation also influences the activity of topoisomerases" that 
generate and then repair double-strand DNA breaks in the early 
phase of pS2 promoter cycling’. Understanding how these processes 
are linked and integrated is necessary to understand mechanisms 
underlying transcription commitment and attainment. Further- 
more, the dual role of Dnmts in cyclical methylation expands the 
current understanding of the propagation and regulation of epige- 
netic marks through cell division and differentiation. 
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METHODS SUMMARY 


Sequencing of bisulphite-modified DNA was performed on at least 25 clones 
‘generated in two to three independent bisulphite modifications. All ChIP assays 
shown are representative of experiments performed with minor modifications 
from our previouswork'*,and repeated atleast twice, with reproducible patterns 
(.d. less than 5%). PCRs illustrated are representative of experiments performed 
at least threetimes, For the PCR with reverse transcription (RT-PCR) illustrated 
as gel pictures, PCR reactions were performed in semi-quantitative conditions, 
with 26~27 cycles being within the exponential phase of the amplification. As 
only a binary output is expected from sequential-ChIP experiments, PCRs 
performed on these samples followed 30-32 cycles of amplification, and are 
therefore only qualitative, answering the question of whether two proteins are 
co-recruited to the pS2 promoter or not. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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The MC-Fold and MC-Sym pipeline infers 
RNA structure from sequence data 


Marc Parisien’ & Francois Major’ 


The classical RNA secondary structure model considers A*U and GeC Watson-Crick as well as G*U wobble base pairs. Here 
we substitute it for a new one, in which sets of nucleotide cyclic motifs define RNA structures. This model allows us to unify 


all base pairing energetic contri 


tions in an effective scoring function to tackle the problem of RNA folding. We show how 


pipelining two computer algorithms based on nucleotide cyclic motifs, MC-Fold and MC-Sym, reproduces a series of 
experimentally determined RNA three-dimensional structures from the sequence. This demonstrates how crucial the 
consideration of all base-pairing interactions is in filling the gap between sequence and structure. We use the pipeline to 


define rules of precursor microRNA fold 


in double helices, despite the presence of a number of presumed mismatches and 


bulges, and to propose a new model of the human immunodeficiency virus-1 —1 frame-shifting element. 


The number of RNAs found to be involved in non-coding cellular 
roles is increasing rapidly and persistently"?, and many RNA tran- 
scripts of unknown function have recently been detected in eukary- 
otic cell maps’, RNAs can be grouped into families that share 
structural features and function, Therefore, unravelling the structure 
provides crucial insights into the way in which RNA works. However, 
producing RNA high-resolution structures by X-ray crystallography 
and NMR spectroscopy is slow compared to sequencing, thus 
creating an important gap between the number of known tertiary 
(three-dimensional, 3D) structures‘ and that of sequences’, 

In the search for an effective RNA structure-determination 
approach, we examined different theoretical schemes and studied 
their relative merit to attain our goal. Hope came from the fact that 
secondary structures would provide enough structural constraints to 
automate 3D building®. A secondary structure describes the stems of 
RNA—crucial building blocks that form when two complementary 
regions of the sequence base pair and adopt a double-helix structure. 
A legitimate approximation of secondary structures considers stems 
that consist of AeU and GeC Watson-Crick base pairsas well as GeU 
wobble base pairs. These base pairs are called ‘canonicals’. 

Secondary structures can be derived from a sequence by using a 
combination of free-energy minimization’ and covariation analysis*. 
However, the presence of a few key non-canonical base pairs blurs 
predictions, because they contribute energies and complicate covari- 
ation interplay’. Even when experimental data are considered (for 
example, enzymatic or chemical probing), selecting the native 
amongst many suboptimal secondary structures remains elusive’’. 
More importantly, secondary structures deprived of non-canonical 
base pairs are neither adequate to determine 3D structures nor suf- 
ficient to faithfully align sequences of the same family"? Recent 
attempts to replace thermodynamics by statistical scores resulted 
in either similar” or only slightly improved" predictive power. 
Furthermore, empirical scoring of 3D structures applies only to very 
short sequences and requires covariation data'®. Taken together, 
these shortcomings and increasing needs for RNA genome-wide 
annotation prompted us to develop a new approach. 

We extended the classical rationale underlying RNA structure pre- 
diction by incorporating all base pairs. To do so, we introduced a new 


first-order object to represent nucleotide relationships in structured 
RNAs: the nucleotide cyclic motif (NCM). The NCMs became 
apparent to us from an analysis of the X-ray crystallographic struc- 
ture ofthe 23S ribosomal RNA of Haloarcula marismortui'®, Adjacent 
NCMs share common base pairs—a property providing enough 
base-pairing context information to derive an effective scoring func- 
tion and making possible the use of the same algorithm for predicting 
secondary and tertiary structures. 

We propose a new RNA-structure-prediction method based on 
NCMs, implemented as a pipeline of two computer programs: 
MC-Fold and MG-Sym (Supplementary Fig. 1). We illustrate the 
predictive power of the pipeline by reproducing experimentally 
determined 3D structures from a single sequence, building 3D struc- 
tures of precursor microRNA (pre-miRNA) that are compatible with 
Dicer docking, and proposing a new 3D structure of the human 
immunodeficiency virus (HIV-1) cis-acting —1 frame-shifting 
element. In practice, judicious pipeline predictions from a single 
sequence are expected for fragments of up to approximately 150 
nucleotides. 


Folding single sequences 

We evaluated the predictive power of MC-Fold by comparing the 
base pairs in the lowest-energy (best) predicted structure of each 
sequence with those found in experimental hairpin loop structures 
(Table 1). Compared to the thermodynamic approach, MC-Fold 
predicts over 6% more canonical base pairs, despite a lower positive 
predictive value, concurrently makes less false positives and nege- 
tives, and obtains a higher Matthews correlation coefficient ratio 
(MCCR) (see Supplementary Table 1). In addition, the optimal solu- 
tion for each hairpin indudes more than 60% of the non-canonical 
base pairs, and this number goes up to more than 80% if the top 
five solutions are considered. The low rate of false negatives is a 
prerequisite for building 3D structures. 

We evaluated the predictive power of the MC-Fold and MC-Sym 
pipeline by analysing and comparing the best predictions for thirteen 
experimental 3D structures (Table 2). Eleven of the thirteen examples 
rank first (that is, match the lowest-energy structure). Eight of the 
thirteen examples have MCCRs of 100% (average = 98.2%). Seven of 
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Table 1| MC-Fold predictive power 
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Table 2 | MC-Fold and MC-Sym pipeline predictive power 


Predicted base pairs (%) Zipper RNAsubopt MC-Fold RNA (PDB code) Size Rank Matthews rms.d. 
(lower bound) (thermodynamics) (NCM) (nucleotides) (96) A 
596 918 834 Hairpins 
ba 4 9 RecN) ®t i 24 
65 829 866 Classical swine fever virus IRES 40 4 100 26 
domain Ill (2HUA*) 
Best predictions over 2,093 base pairs (1,784 canonical base pairs) in 264 hairpin loops RNA thermometer (2G10*) 2 1 100 17 
extracted from 182 different PDB structures. Columns show programs and rows show Eel Unal2 LINE 3' element (2FDT*) %6 1 100 30 
coefficients. Zipper is program that implements a greedy algorthmthatfoldsa sequencetrom Ty, RNA domain IV CFEY®) ae a lee an 
bottom-up using exclusively tandems of base pais. This gives a lowerboundoon the predictive Telomerase Guat a 
power, RNAsubont implements the cutrent thermodynamics modal and enumerates RNase P RNA P4 (2CD1*) 27 2 96 21 
‘systematically ll suboptimal structures. The numbers ofnucleotides inthese hairpin loops vary GNYA tetraloop (2EVY*) uw 1 100 18 
from 8 to 35 base pairs (average = 19.6). The best value for each rowis shown in bold. FN, U2 snRNA (2033*) 20 1 100 20 
numberof false negatives; FP, number of false positives; TP, number of true positives; Matthews, Group II intron branchsite (2AHT*) 27 i 96 19 
Matthews correlation coefficient ratio; PPV, positive predictive value; and STY, sensitivity. Y-shape 
Hammerhead ribozyme (1NYI+) 36 1 100 27 
the thirteen examples combine first rank and 100% MCCRs. The 5S RNA @HGH*) 47 1 96 29 
average root mean squared deviations” (rmsd) of the thirteen (S500 KON ‘i a 


examples when optimally superimposed on their corresponding 
experimental structures are near 2angstroms (A) (Fig. 1). The 
nucleotides that increase the r.m.s.d. are those with more degrees 
of freedom, that is, those not involved in base-pairing interactions 
(see, for instance, nucleotides Al4 and U16 in the iron-responsive 
clement (IRE) hairpin loop in Fig. 1a). Another source of high 
rmsd. is the presence of false positives and negatives. For instance, 
the telomerase RNA domain IV has an MCCR of 94% and a r.m.sd. 
of 3.3A (Fig. 1b). Interestingly, the false positive and the false nega- 
tive are made in the hairpin loop. The NMR structure has a single- 
nucleotide bulge, A22, which stacks inside the helix on the 5! side of a 


Ge CBs 
ss 


Figure 1| A selection of 3D structures predicted from sequence, The 

canonical (bold lines, black dots) and non-canonical (non-bold lines) base 
pairs predicted by MC-Fold are shown on the left of the 3D structures. The 
closest structure (minimum r.m.s.d.) over all heavy atoms is shown (blue) is 


52 


‘The MC-Fold and MC-Sym pipeline is applied to single sequences. Three different RNA 
topologies were tested: hairpin, multi-branch (Y-shape) and pseude-knot. The best predictions 
(best MCCRs) are reported. The rmsd. values were calculated over all heavy atoms. The 
‘average MC-Fold real time for all but one sequence is 7s on a typical wortstation processor 
(AMD Athlon 64, 22 GHz); eal time for the SSrRNA sequenceis 143s. Thebest 30 models are 
selected amongst all models gererated using a probabilisticsearch over a period of 12h 

* A tecent NMR structure. 

+ Xray crystallographic structure, 


CUAU tetra-loop. The C23+U26 base pair that closes the tetra-loop is 
stabilized by a single hydrogen bond, and the two bases are perpen- 
dicular to each other. Although relatively stable, these features are 


superimposed on its respective experimental structure (gold). a, IRE. 

b, Telomerase RNA domain IV. ¢, Pre-catalytic conformation ofa 
hammerhead ribozyme. The arrow points the cleavage site. d, Subdomain of 
the X. laevis 5S rRNA. e, Yellow leaf virus pseudo-knotted element. 
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rather rare and might be induced by particular experimental condi- 
tions or structure resolution methods. The NMR hairpin loop is less 
stable than the penta-loop proposed by the MC-Fold and MC-Sym 
pipeline. 

When the experimental structure does not correspond to the 
lowest-energy structure, it is generally due to the formation of extra 
base pairs in the latter. The lowest-energy structure is often referred 
to the ‘ground state’. The base pair formation/disruption phenom- 
enon is known to be dependent on conformational changes induced. 
by cofactors"’, which are difficult to represent in any scoring scheme. 
Consequently, polymorphic structures are found in MC-Fold’s sub- 
optimal solutions. 

The conserved sequence of the Deinacoccus radiodurans and 
Escherichia coli 23S rRNA helix 40 (ref. 19) contains an interior loop, 

a CURA f which differs whether itis solved 
3) —GAAGC— 5)? the structure of whic rs whether it is solv 
by NMR or by X-ray crystallography. The NMR conditions favour 
the formation of anon-canonical A*A/A*G base-pair tandem, which 
MC-Fold ranks first (shown in bold above). The X-ray crystal- 
lographic structure is bound to a protein that possibly induces the 
disruption of the A*A non-canonical base pair and the apparition ofa 
single bulged-out A (shown in bold-italic above), which MC-Fold 
ranks fifth. 

The ‘on’ and ‘off conformational states of the cytoplasmic eukary- 
5'-CGC—U-3' iti 
3!—AAAAG—5'?""° 
structure of which differs whether the ribosome is active in protein 
translation (on) ornot (off). X-ray crystallographic data of the Homo 
sapiens A site reveal these two distinct structures”. The on state has 
two unpaired A nucleotides that bulge out of the main helix (shown 
in bold above), whereas only one A, 3’ of the two bulges in the on 
state, is unpaired in the off state (shown in italic above). MC-Fold 
ranks the on state as sixth and the off state as fourth. 

Multi-branched RNAs are made of more than two helical stems 
that are joined by a multi-branch loop. We used the pipeline to 
reproduce the 3D structure of a pre-catalytic conformation of the 
hammerhead ribozyme” (Fig. 1c), as well as that of the recent NMR 
structure of the Xenopus laevis 5S rRNA bound to zinc fingers” 
(Fig. 1d), When more than two stems are selected by MC-Fold, the 
coaxial energies are computed and accounted for in the final score 
(Supplementary Methods). The key base pairs to project properly the 
hammerhead in 3D space are located near the multi-branch: the three 


otic rRNA A site” contains an interior loop, 
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Figure 2 | A selection of pre-miRNA 3D structures. The predicted 
structures (blue) are optimally superimposed on a theoretically generated 
‘A-RNA doublehelix (gold). For each pre-miRNA, the nucleotides that form 
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base pairs at the bottom of stem II and the C*C base pair in stem I. 
‘The C+C base pair is particularly important to avoid coaxial stacking 
between stem I and stem III. 

Finally, inserting a stem that creates a nested structure generates a 
pseudo-knot, as shown in the structure of the yellow leaf virus” 
(Eig. 1e). In this model, a false positive non-canonical A*A base pair 
is made at the bottom of the upper stem. Nevertheless, the closest 
generated model shares 2.7A of r.m.s.d. when optimally superim- 
posed on the NMR structure. 


Folding human precursor microRNAs 

When we submitted the pre-miRNA sequences oflet-7c, mir-19a and 
mir-29a, our predictions were almost identical, and were similar to 
the A-RNA double helix (Fig, 2). In fact, we did not find any pre- 
miRNA sequence in mirBase™ that could not be folded in the double 
helix (data not shown), despite an overrepresentation of UsU and 
UsC mismatches. The double helix offers a fixed and stable reference 
to the scissile phosphates that are cleaved by the Drosha complex 
upstream of the pre-miRNA®, as well as by Dicer near the terminal 
loop”*. 

The pre-miRNA double helix of let-7c (Fig. 2a) is bulge-free and 
presents to Dicer the expected docking surface’, despite the non- 
canonical base pairs. In the 3D structure of mir-29a (Fig. 2b), the 
unpaired C23 nucleotide stacks inside the helix, acting as a lever to 
push the scissile phosphate of A26 into its proper position. Finally, in 
the 3D structure of mir-19a (Fig. 2c), the two unpaired nucleotides, 
A56 and U57, form a bulge behind the docking surface, and hence do 
not interfere with Dicer binding, These strict 3D structural restraints 
should further help in distinguishing between RNA stem-loop struc- 
tures that can be processed by Dicer. 

The presumed microRNA mismatches, in fact, adopt a geometry 
isosteric to Watson—Crick base pairs”. Their energies are less than 
that of canonical ones, which may facilitate the unwinding of the 
double helix and loading of the mature miRNA into the RNA- 
induced silencing complex (RISC). Interestingly, we find very few 
GA mismatches in the miRNA region interfacing Dicer because their 
propensity for the sheared conformation is not isosteric to Watson- 
Crick base pairs. The sheared geometry distorts the backbone path of 
the double helix and, thus, might interfere with Dicer binding. The 
natural selection for non-canonical base pairs increases the diversity 
of possible pre-miRNA sequences, while increasing target specificity 
and, simultaneously, decreasing off targeting. 


the mature miRNA are shown inside boxes. The spheres represent the scissile 
phosphate atoms: Drosha complex deavage (A and D) and Dicer (Band C). 
a, Human let-7c. b, Human miR-29a. ¢, Human miR-19a. 
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Folding using probing data 

As shown above, MC-Fold does not always rank experimental and 
activated structures first. Reaching these structures is nevertheless of 
principal importance. Here we show how experimental data can be 
incorporated to restrain the conformational space of MC-Fold to 
identify such induced structures. 

For example, a recent study investigated the yeast transfer RNA“? 
structure by selective 2’-hydroxyl acylation and primer extension 
(SHAPE)*. SHAPE data reveal the flexible and constrained nudeo- 
tides, subject to experimental conditions. The tRNA sequence tested 
is deprived of the modified nudeotides, and has been shown to adopt 
the cloverleaf structure”. The top MC-Fold prediction of this 
tRNA** sequence is a hairpin, nota cloverleaf. 

If we introduce high- and medium-flexibility SHAPE constraints 
(Supplementary Fig. 2), MC-Fold generates cloverleaf structures and 
ranks the native one sixth, The D-stem-loop sequence of this tRNA 
has a positive folding free energy under the thermodynamic model. 
Amongst the solutions, one includes a correct D-stem base-pairing 
registry (MCCR of 100%) and the A14*A21 base pair, whereas all 
othersolutions base pair U13 with A21. The Al4 inflexibility demon- 
strated by SHAPE is thus sufficient to discriminate the native 
amongst all solutions. 

Similarly, by introducing dimethyl sulphate (DMS) data’®, all 
known canonical (with the exception of G56+C28) and all non- 
canonical base pairs of the B, coli 5SrRNA are captured in the correct 
in vivo Y-shaped topology (Supplementary Fig. 3a). Interestingly, the 
MC Fold optimal solution (Supplementary Fig. 3b) of sub-sequence 
16 to 69 has a marked resemblance to the in vitro structure that was 
probed by chemical modifications” and by NMR’. The latter sug- 
gests further a bias towards structures in the ground state. 


Consensus structural assignments 
Sequences that are functionally related are another source of struc- 
tural data. Consider the IRE, a hairpin loop found in the 3’ untrans- 
lated region of the ferritin and transferrin receptor mRNAs. IREs are 
involved in maintaining iron homeostasis in vertebrate cells by acting 
as post-transcriptional factors, MC-Fold and MC-Sym best predic- 
tions of several IRE sequences reveal the base pairs and nucleotides 
found to be involved in receptor binding (Fig, 1a): an upper stem of 
six base pairs®, a single unpaired nucleotide 3' of the hairpin-loop- 
flanking base pair™ and a single (V) or double (W) bulge in the 5 
strand of the stem. 

MC-Cons computes a structural assignment, that is, it assigns to 
each sequence the structure that maximizes the overall sum of pair- 
wise structural similarities. The structural assignment returned when 
30 IRE sequences available at Rfam (RNA families database)* and 
their top ten MC-Fold predictions are input to MC-Cons (see 
Supplementary Methods) reveals two IRE subclasses (Supplemen- 
tary Fig. 4), corresponding to both helix-bending motifs, V and W. 
The two subclasses have been shown to be important in selective 
repressor binding, in particular to the human iron responsive protein 
2 (ref, 36). Similarly, using ten yeast tRNA sequences, MC-Cons 
identified the cloverleaf structure for each sequence (see Supple- 
mentary Fig. 5). 

Multiple-sequence and low-resolution data can be used in com- 
bination. Using fourteen 5S rRNA E. coli sequences and DMS data, 
the in vivo 5S rRNA structure is captured (Supplementary Fig. 6). In 
this case, a high rate of non-canonical false positives is made in the 
large hairpin (nucleotides 35-47). This is probably due to the fact 
that the RNA in the crystal structure is bound to the ribosomal 
complex, in which the large hairpin makes several contacts with 
the ribosomal protein L5. However, the consensus structural assign- 
ment of the E. coli 58 rRNA sequences without DMS probing data 
predicts the in vitro structure (Supplementary Fig. 7). Similarly, the 
Selenocysteine Insertion Sequence (SECIS) structure is also predicted 
using seven sequences and various RNase probing data” to block the 
base pairing of 13 out of 151 nucleotides (Supplementary Fig. 8). 
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Modelling HIV-1 frame-shifting element 

HIV-1 is known for encoding two proteins, pol and gag-pol™, using 
the same mRNA and a —1 cis-acting frame-shifting mechanism 
owing to the formation of a structure downstream of the slippery 
sequence™*°, Recent NMR data suggest that this structure could be a 
hairpin loop with an asymmetric bulge of three nucleotides, 5’ -GGA- 
3’ Ina first study, clear NMR signals were obtained by modifying the 
sequence to include GC base pairs in the lower stem, therefore intro- 
ducing a coerced registry. Ina second study, the native sequence was 
used. However, it was extracted from the mRNA so that the lower 
stem was also constrained. Besides, when MC-Fold is run with both 
NMR sequences, the best solutions match the structures obtained by 
NMR. 

However, using 50 randomly selected sequences out of the 753 
reported in Rfam, a single and different structure makes the con- 
sensus assignment amongst these sequences. The principal difference 
between the new structure and those obtained by NMR is in the 
bulge: MC-Fold predicts a double-A bulge, 5’-AA-3', instead of a 
5'-GGA-3' bulge (Fig. 3). This is a minor difference, but several 
arguments support it (see Supplementary Discussion). 


Discussion 

Our results highlight the fact that for effective RNA structure pre- 
dictions, dealing with all base-pairing types in both secondary and 
tertiary structures is of the utmost importance. A difference between 
our study and other recent attempts is the use of a first-order object 
based on NCMs, which incorporates more base-pairing context- 
dependent information; this suggests that it is key in scoring secon- 
dary structures. 

‘The lowest free-energy states determined by MC-Fold often differ 
from active and experimental states. Furthermore, solving the con- 
sensus structural assignment using MC-Cons occasionally predicts 
such ground rather than active structures (for example, in vitro E. coli 
5S rRNA). However, we showed that few low-resolution experi- 
mental data could be introduced to bias the search towards experi- 
mental and in vivo structures (for example, tRNA, in vivo 5S rRNA 
anda SECIS element). Predicting both ground state and induced fit 
structures forthe same sequence is a strong indication that MC-Fold 


Figure 3 | HIV-1 —1frame-shifting-element models. a, Secondary structure 
of the first NMR study (Protein Data Bank, PDB, code 1ZC5). b, Second 
NMR study (PDB code 122J). c, MC-Cons best secondary structure 
prediction. The sequence used is EMBL AJ535040.1 from patient PT747 that 
expresses the pol and gag proteins. d, MC-Sym tertiary structures. The 
closest model (minimum r.m.s.d. of 3.4 A over all heavy atoms) is shown in 
blue, optimally superimposed on the NMR structure resolved in the second 
study (gold), as well as ten representative structures of the conformational 
space of MC-Sym (light blue). 
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predicts correct structures, as well as structures that are accessible to 
any given sequence. This is reflected in the high rate of false positives 
when compared to experimental structures. 

Thanks to the pipeline, RNA modelling is now more accurate 
and simpler than ever. The secondary structures generated by MC- 
Fold are more informative than those deprived of non-canonical 
base pairs and incude very few false negatives. Producing 3D 
models consistent with these secondary structures is now a straight- 
forward and accessible-to-all online activity. This should translate 
into keener RNA function hypotheses and less experimental work 
to verify them. 


METHODS SUMMARY 


‘The three algorithms and the scoring function are fully described in the 
Supplementary Information. A web service of the three algorithms has been 
made publicly available on the Internet at http://www.major.iric.ca, The proto 
cols to produce secondary and tertiary structures using the website are described 
elsewhere (submitted). 
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Structure and metal exchange in the cadmium 
carbonic anhydrase of marine diatoms 


Yan Xu'*, Liang Feng”*f, Philip D. Jeffrey", Yigong Shi” & Francois M. M. Morel* 


Carbonic anhydrase, a zinc enzyme found in organisms from all kingdoms, catalyses the reversible hydration of carbon 
dioxide and is used for inorganic carbon acquisition by phytoplankton. In the oceans, where zinc is nearly depleted, diatoms 
use cadmium as a catalytic metal atom in cadmium carbonic anhydrase (CDCA). Here we report the crystal structures of 
CDCA in four distinct forms: cadmium-bound, zinc-bound, metal-free and acetate-bound. Despite lack of sequence 
homology, CDCA is a structural mimic of a functional }-carbonic anhydrase dimer, with striking similarity in the spatial 
organization of the active site residues. CDCA readily exchanges cadmium and zinc at its active site—an apparently unique 
adaptation to oceanic life that is explained by a stable opening of the metal coordinating site in the absence of metal. Given 


the central role of diatoms in exporting carbon to the deep sea, their use of cadmium in an enzyme critical for carbon 
acquisition establishes a remarkable link between the global cycles of cadmium and carbon. 


Vertical profiles of cadmium (Cd) concentrations in the oceans show 
that this metal is cycled in the water column like an algal nutrient: it is 
impoverished at the surface by phytoplankton uptake and regener- 
ated at depth by remineralization of sinking organic matter”. Part 
of the explanation for this nutrient-like behaviour is the use of Cd 
as a catalytic metal atom in carbonic anhydrase (CA) in marine 
diatoms*~. These organisms, which are responsible for some 40% 
of net marine primary production’, haveadapted to life in a medium 
containing vanishingly small concentrations of essential metals, The 
expression of a CDCA is a remarkable example of this adaptation. 

CA, which catalyses the reversible hydration of carbon dioxide 
(CO,), was one of the first proteins for which a crystal structure 
was obtained”, In phytoplankton, CA plays an essential part in 
the acquisition of inorganic carbon for photosynthesis!" CA is 
categorized into three main classes: 0, B and y, which share no sig- 
nificant similarity in primary sequence or overall structure’, but 
which all rely on Zn for activity. Whereas a- and y-CA use three 
histidine residues to coordinate the Zn atom, f-CA uses two cysteine 
residue and one histidine residue'*"®. Two new classes of CA have 
been discovered in marine diatoms, both isolated from the model 
species Thalassiosira weissflogii: 8-CA, represented by TWCAI, with 
similar enzymes identified in other classes of phytoplankton!" 
and an active site similar to that of «-CA"; and (-CA, represented 
by CDCAL, which naturally uses Cdas its catalytic metal", CDCA1 
consists of three tandem CA repeats (R1-R3), which share 85% iden- 
tity in their primary sequences. Genes coding for similar proteins 
have been identified in other cultured diatoms and in natural samples 
of sea water”. 

Here we report the high-resolution crystal structures of CDCA1 
repeats and associated biochemical characterization. Although 
CDCAI was initially isolated as a Cd enzyme, it is actually a cambia- 
listic enzyme—that is, it can use either Zn or Cd for catalysis—and 
spontaneously exchanges the two metals. Structural analysis reveals a 
plausible explanation for this facile metal exchange. Though less 
efficient than the Zn form, Cd-bound CDCA is a fast enzyme that 
can support the catalytic needs of fast growing diatoms. 


Overall structure and active site 

Wecrystallized the Cd-bound second repeat of CDCA1 (CDCA1-R2, 
residues 223-432) and determined its structure at 1.45 A resolution 
using single anomalous dispersion signal from the bound Cd atom 
(Supplementary Table 1). The structure of CDCA1-R2 has an overall 
ellipsoidal shape, with seven t-helices and nine B-strands (Fig. laand 
Supplementary Fig. 1). Seven B-strands are located in the centre of 
the structure, constituting two B-sheets that appear to be contiguous 
with each other. One B-sheet contains four strands (B1, B6, B8 and 
B9), whereas the other B-sheet comprises three strands (3, B4 and 
B5), All seven o-helices are located on one side of the contiguous 
f-sheets. The structure can be divided into two lobes, each nucleated 
by a B-sheet. One lobe (residues 223-257 and 370-432) consists of 
the four-stranded B-sheet, strands 2 and B7, and helices all, #6 and 
a7. The other lobe (residues 258-369) contains the three-stranded 
B-sheet, and helices «2-a5. On the surface of the ellipsoid between 
the two lobes, there is a deep cleft that leads to the active site pocket. 

In the active site, Cd is coordinated by three invariant residues in 
CDCA of all diatom species"': Cys 263, His 315 and Cys 325 (Fig. 1b 
and Supplementary Fig. 1). The distances between Cd and the metal- 
binding atoms of these residues (Sy of Cys 263, Ne of His 315 and Sy 
of Cys 325) are 2.46 A, 2.34 A and 2.51 A, respectively (Fig. 1c, left 
panel). Notably, despite their conservation in other CDCAs, His310 
and His318 are not involved in binding to Cd. The tetrahedral 
coordination of Cd is completed by a water molecule 2.35 A away. 
A second water molecule also contributes to Cd binding, with a 
distance of 2.65 A. These two water molecules are hydrogen-bonded 
to a third water molecule, which is connected to a number of well- 
ordered water molecules above the active site. 

Asearch of the Protein Data Bank using the program Dali did not 
yield any entry with significant structural similarity; thus CDCA1 
appears to represent a previously unreported protein fold. Despite 
a lack of sequence homology and overall structure, the active site 
conformation in CDCA1-R2 closely resembles that of the B-CA from 
Pisum sativum? (Fig. 1b). There are five highly conserved residues at 
the active site of CDCAI: three involved in coordinating Cd and an 
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Figure 1| Structure of the second CA repeat of CDCAI (CDCAT-R2). 

a, Overall structure of the Cd-bound CDCA1-R2, Two lobes of the structure 
are coloured blue and green, Cd is highlighted in red, and Cé-coordinating 
residues are coloured yellow. b, Comparison of the active site conformation 
between CDCA-R2 (green) and f-CA (blue). Theactive site residues in CDCA- 
R2 and B-CA are coloured yellow and orange, respectively. Hydrogen bonds 


Asp 265-Arg 267 pair (Supplementary Fig. 1). The Cx. atoms of 
these five residues can be superimposed with those of B-CA® with 
an rm. deviation of 0.73 A. The locations of the catalytic metal ion 
and its tetrahedrally bound water molecule are also nearly identical 
between CDCAI and B-CA. In addition, therole of the Asp-Arg pair 
is also identical. The carboxylate side chain of Asp 265 accepts one 
hydrogen bond from the tetrahedrally bound water molecule and 
two hydrogen bonds from the guanidinium group of Arg 267, which 
is further buttressed by a fourth hydrogen bond from the amide 
nitrogen of Arg 267 to the side chain of Asp 265 (Fig. 1b). CDCA1 
is inactivated by mutation of any of these five conserved residues 
(data not shown). These structural features suggest a common cata- 
lytic mechanism. 


a 
CdCA1-R2 


Figure 2 | CDCA1-R2is a structural mimic of a functional dimer of B-CA. 
a, Superposition of the CDCAI-R2 structure (green) with that of a 
functional B-CA dimer. The twe monomers of B-CA (B-CA-m1 and B-CA- 
m2) are coloured dark and light blue, respectively. For clarity, only the 
aligned portion of B-CA structure is shown. Zn-binding residues are shown 


Cd-bound CDCA1-R2 
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Zn-bound CDCA1-R2 


are represented by red dashed lines. Cd and the waterligan dare shown in large 
and small red spheres, respectively. (A stereo view is shown in Supplementary 
Fig. 1b.) ¢, Comparison of Cd- and Zn-coordination in CDCAI-R2. Metal 
coordinationand hydrogen bondsare indicated by red and green dashed lines, 
respectively; numbers indicate bond lengths in A. W1-W3, water molecules. 
Structural images were prepared using MOLSCRIPT* and GRASP*. 


Mimicry of a B-CA dimer 

Although CDCA1-R2 shares little structural similarity with a B-CA 
monomer, it can be superimposed with a functional dimer of B-CA* 
with an r.m.s. deviation of 1.93 over 102 Cx atoms (Fig. 2a). 
Strikingly, the three-stranded lobe only superimposes with one 
B-CA monomer whereas the four-stranded lobe aligns well with 
the adjacent B-CA monomer. The functional unit of B-CA is a 
homodimer™; yet each CA repeat of CDCAI exhibits robust catalytic 
activity as a monomer (see below). Thus, a single molecule of 
CDCAI-R2 is a structural and functional mimic of a B-CA dimer. 
This structural mimicry emanates from the active site between the 
two lobes of CDCA1-R2 and becomes less apparent with increasing 
distance away from the active site. 


s cys 325 
B-GA-m1 


(Tyr 205) 
Leu 421 


Thr 417 


B-CA-m2 


inthe B-CA dimerto indicate the orientation of the molecules. b, A close-up 
view of the active site comparison between Cd-bound CDCAI-R2 (green) 
and a functional B-CA dimer bound to acetate (blue). (Stereo views are 
shown in Supplementary Fig. 2a and b.) 
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Analysis of the active site conformation in CDCAI-R2 reveals 
distinct contributions from the two lobes and hence provides a 
rational basis for why CDCA1 needs to be a structural mimic of a 
B-CA dimer. The three metal-coordinating residues as well as the 
conserved Asp~Arg pair are all located in the three-stranded lobe. 
However, the putative substrate-binding residues are mostly con- 
tained within the four-stranded lobe. The residues Phe 179 and 
Tyr 205, which directly interact with the substrate analogue acetate 
in B-CA*, are replaced by Phe 393, Leu 421 and Thr 417 in CDCA1- 
R2, all located in the four-stranded lobe (Fig. 2b). In confirmation of 
this analysis, missense mutation of any of these three residues crip- 
ples catalytic activity (Supplementary Fig. 2). Thus the two-lobe 
architecture of CDCA1-R2, and hence its structural mimicry of a 
B-CA dimer, are necessitated by the catalytic activity. 


Substrate binding 
To support the structural analysis, we crystallized the Cd-bound 
CDCAI-R2 in the presence of acetate, a known substrate analogue 
and weak inhibitor of B-CA, and determined its structure at 1.4A 
resolution (Supplementary Table 2). As reported for B-CA”, acetate 
is bound at the bottom of the catalytic cleft (Supplementary Fig. 3), 
and is well-ordered (as judged by the electron density; Fig. 3a). The 
bound acetate replaces one of the two water molecules that were 
hydrogen-bonded to the metal ion in the acetate-free CDCA1-R2 
structure (Figs 1c, 3b). Consequently, one oxygen atom of acetate 
is 2.47A away from Cd, and the carboxylate moiety of acetate is 
within hydrogen-bond distances of the remaining water molecule 
(Fig. 3b). This water molecule is presumably deprotonated owing 
to Cd coordination and a hydrogen bond from Asp 265. The resulting 
hydroxideion is the nucleophile that attacks the electrophilic carbon 
atom in CO), The orientation of acetate is further stabilized by a 
hydrogen bond from the backbone amide of Phe 327. 

Cd is located at the bottom of a funnel-shaped active site pocket. 
Intriguingly, the funnel continues to traverse the hydrophobic core of 
CDCAI-R2 through an elongated channel (Fig. 3c).'This channel has 
an inner diameter of 4-5 A andis surrounded exclusively by 12 hydro- 
phobic amino acids which are conserved in CDCA (Supplementary 
Fig. 1): Ne229 and Leu 233 on helix x1, Val 264 and Phe 327 on a4, 
Val374 and Ile376 on B6, Phe 393 and Val395 on B8, and Leu 411, 
Ala 414, Val418 and Leu 421 on «7. The acetate moleculeis situatedat 
one end of the hydrophobic channel, whose conserved nature suggests 
functional significance. The channel being large enough to accom- 
modate a carbon dioxide molecule, we speculate that it might be the 
entry or escape route for the reaction substrate or product. 


Facile metal exchange 


Although Cd was the catalytic metal ion in CDCAL isolated from T. 
weissflogii, it can be substituted by Zn, yielding an even more efficient 


Cys oe 


His 315 


Figure 3 | Structure of CDCA1-R2 bound to substrate analogue acetate. 

a, A close-up view of the region around acetate. The F, — F_ electron density 
map surrounding acetate was calculated using simulated annealing with the 
omission of acetate and was contoured at 5a. b, A close-up view of the active 
site conformation, Metal coordination and hydrogen bonds are indicated by 
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enzyme. In the absence of supplemental Cd in growth medium 
(which contains 15 1M Zn and <3 nM Gd), Escherichia coliincorpo- 
rates Zn into CDCAI and its monomers. We determined the struc- 
ture of Zn-bound CDCA1-R2 at 1.8A resolution (Supplementary 
Table 2). As anticipated, the overall structure remains nearly identical 
to that of the Cd-bound CDCAI-R2, with an r.m.s. deviation of 
0.11A over all 209 Cx: atoms. However, the distances between Zn 
and the metal-binding atoms of the three coordinating residues are 
reduced by approximately 0.16-0.19 A (Fig. 1c). 

With increasing concentrations of Cd in the medium, Cd gradually 
replaces Zn in the enzyme until an essentially pure Cd form 
(Zn<2% of Cd) is obtained at a Cd concentration of 500 1M 
(Fig. 4a). Either metal can also be incorporated in vitro into the 
apoprotein, The B-CA of the diatom Phaeodactylum tricornutum, 
PtCAI*4, which has a metal binding centre practically identical to 
that of CDCA, incorporates Cd only to a small extent when over- 
expressed in E. coli in the presence of 500 HM Cd. 

The dissociation constants of CDCA1-R2, measured by competi- 
tion with 4-(2-pyridylazo) resorcinol, are 10°? M for Zn** and 
less than 107'°M for Cd?*. In the presence of Cd** chelated with 
an excess of nitrilotriacetic acid (NTA), the Zn-bound CDCAI spon- 
taneously exchanges Zn for Cd (Fig. 4b). But in the reciprocal experi- 
ment, Zn bound to NTA failed to replace Cd in the enzyme (Fig. 4c). 
In the presence of excess phytochelatin dimer (PC2 = (y-Glu-Cys)7- 
Gly, whose thiol groups confer a high affinity for Cd**), Zn?* or 
Cd?* was able to replace a large fraction of the other metal in the 
protein within 24h (Fig. 4b, c). Previous studies have documented 
very slow metal exchange kinetics in CAs*, The presence of some 
ligands can greatly accelerate the removal of the metal from the active 
centre of CAs, but metal re-insertion appears to necessitate an equi- 
molar or higher metal-to-ligand ratio". We observed inefficient 
replacement of Zn by Cd in PtCA1 in the presence of Cd bound to 
excess NTA or PC2 (Fig, 4b). The metal-binding and metal exchange 
properties of CDCA thus appear unusual: it is a cambialistic enzyme 
that can incorporate either Zn or Cd as its metal centre and readily 
exchange one metal for the other. As the synthesis of phytochelatins is 
constitutive in diatoms and responds to very low concentrations of 
Cd and Zn (refs 5, 28), it seems possible that these peptides play a part 
in incorporating metals into CDCA in vivo. 

To elucidate the structural basis for the facile metal exchange in 
CDCA, we determined the structure of metal-free CDCAI-RI at 
1,45 A resolution (Supplementary Table 2), For comparison, we also 
determined the structure of the Cd-bound CDCAI-R1 at 1,7 A reso- 
lution (Supplementary Table 2). Although most of the structural 
elements are extremely well superimposed between these two struc- 
tures (r.m.s. deviation of 0.515 A over 202 Ca atoms), the active site 
pocket takes on two distinct conformations (Fig. 5a,b). Compared to 
the Cd-bound CDCAI-R1, the sequence element between the last 


red and green dashed lines, respectively. Relevant distances are indicated 
(A). ¢, A hydrophobic channel traverses through CDCAI-R2. Cd is 
highlighted in red. Acetate is shown in yellow. The conserved hydrophobic 
residues that line the channel are shown in magenta. (Stereo views of a and 
b are shown in Supplementary Fig. 3b and c.) 
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Figure 4 | Facile metal exchange in CDCA1. a, Cd incorporation in CDCAI 
(circles) and PtCA1 (squares) in E. coli expression system. b, In vitro Cd 
replacement for Zn in Zn-CDCAI (circles) and Zn-PtCA1 (squares) over 
time. 12 uM Cd-NTA (open symbols) or Cd-phytochelatin (filled symbols) 
complex was incubated with 3.3 tM Zn-CDCAI or 5 tM Zn-PtCAL, ¢, In 
vitro Zn replacement for Cd in Cd-CDCAI over time. 12 uM Zn-NTA (open 
circles) or Zn-PC2 (filled circles) complex was incubated with 3.3 tM Cd- 
CDCAL. In band ¢, the ligands were in excess of the metals by a factor of 2 
(phytochelatin) or 3 (NTA). Error bars (s.d.) represent duplicate 
measurements of a single experiment except PtCAI in a, which shows the 
mean and s. d. from three separate experiments, 


two Cd-binding residues (amino acids 106-114) in the metal-free 
structure has a much more open conformation. Cys 125 is trans- 
located from its metal-coordinating position by approximately 4 A 


b 


Metal-free 
CDCAL-R1 CDCAI-R2 
Figure 5 | Structural basis of efficient metal exchange in CDCAI. a, Overlay 
ofthe structure of metal-free CDCA1-R1 (magenta) with that ofthe Cd-bound 
CDCAL-RI (green). Details of thearea indicated by the blue rectangleis shown 
in b, b, Comparison of the active site conformation between metal-free 

CDCAL-R1 (magenta) and the Cd-bound CDCAI-RI (green). (A stereo view 
is shown in Supplementary Fig, 4a.) ¢, Effect of the mutation of Gly 316 and 
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and undergoes a 90° rotation. In addition, the Sy atom of Cys53 is 
flipped away from its metal-binding position (Fig. 5b). Thus, in 
contrast to other known CAs such as CAII®, the active site conforma- 
tion of metal-free CDCA1 is stable and different from that of the 
metal-bound form. Accordingly, the free energy minimum of the 
metal-free CDCA1-R1 corresponds to an active site conformation 
that is different from that of the metal-bound form. This unique 
thermodynamic characteristic probably facilitates metal exchange 
in CDCA1 by stabilizing the transitional, metal-free conformation, 

To allow the opening of the metal-binding site, the linker sequence 
between the metal-coordinating His 105 and Cys 115 must be suffi- 
ciently flexible. Significantly, the two ends of this sequence are made 
up of Gly residues (Supplementary Fig. 4), which are known to pro- 
vide flexibility to polypeptide chains” and may serveas hinges for the 
conformational change. Supporting this analysis, mutation of either 
Gly 316 or Gly 324 to Ala in CDCA1-R2 resulted in a loss of ability to 
exchange the metals (Fig. 5c). 


Enzyme kinetics 
We performed a preliminary kinetic analysis of CDCA1 and studied 
the rate of CO,-HCO;° interconversion at equilibrium by mass 
spectrometry"'. Both the CA repeats and the full-length CDCAL 
exhibit high CA activity with either Cd or Zn as the catalytic metal 
(Eig. 6 and Supplementary Fig. 5). The catalytic efficiency of the 
zinc enzyme is remarkably high, perhaps even higher than CAI", 
approaching the diffusion limit at high pH (Kuu/Km =8.7 X 
10°M~!s~! for CO, hydration, where kar is the turnover number 
and K,, the half saturation constant). The decreasing efficiency at 
lower pH is typical of many CAs and resembles an acidimetric titra- 
tion with pK, values around 7 and 9 (refs 13, 33, 34). Though lower 
than that of Zn-CDCAI, the catalytic efficiency of the Cd-CDCA1 
protein is still very high (kgx/Ky,= 14 X 10®M~! s~! for CO, hydra- 
tion at pH9). The catalytic efficiency reported for Cd-substituted 
CAs is generally very low, about 2% or less of the Zn enzyme at 
circumneutral pH°5**, In assays of PtCA1 with partial substitution 
of Cd for Zn, the reduced activity corresponded to the fraction of 
Zn in the enzyme, We observed no effect on CDCA1 activity of the 
concentration of HEPES used asa buffer over the range 2.5 to 50 mM 
(data not shown). 


Discussion 

Collectively, the five related structures of CDCA1 we report here 
reveal a coherent molecular basis for the function of CDCA. The 
structural mimicry between CDCA1 and a functional B-CA dimer 
ensures the formation of a complete active site. Structural analysis 
provides a plausible explanation for spontaneous exchange of Zn and 
Cd in the active site of CDCA1. A conserved sequence between two 
metal-coordinating residues adopts a stable open conformation in 


Hs 115 


Cys 53 ‘ 


Gly 324 flanking the linkage sequence between two metal binding residues, 
His 315 and Cys 325, on Zn replacement for Cd in Cd-bound CDCAL-R2. Data 
shown for wild-type (open diamonds), G316A (green triangles) and G324A 
(blue squares), 12\M Zn-PC2 complex was incubated with 10 JM Cd- 
CDCAL-R? and Cd-mutants in the presence of excess phytochelatin (PC2). 
Error bars (s.d.) represent duplicate measurements of a single experiment. 
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Figure 6 | pH dependence of keat/Km for the Cd-bound (circles) and Zn- 
bound (squares) CDCAT. Error bars (sd.) represent duplicate 
measurements ofa single experiment. 


the metal-free protein which effectively lowersthe free energy penalty 
of releasing the bound metal and hence facilitates metal exchange. 

The CDCA of diatoms readily exchanges metals at its catalytic 
centre and retains better activity in the Cd form than other CAs. 
These properties have presumably evolved in response to the low 
metal environment of the oceans. But our kinetic data show that 
the replacement of Zn by Cd results nonetheless in a decrease in 
catalytic efficiency. Whereas the addition of Cd is clearly benefical 
to Zn-limited laboratory cultures, increasing both in vivo CA activity 
and growth rate’, how effective can Cd replacement of Zn be in 
the ocean where Cd is even more scarce than Zn? Phytoplankton 
growing at, say, 0.5d~! need a photosynthetic carbon turnover rate 
of nearly 2d~! (=2X 10~5s~!) during daylight to support both 
their growth and their light and dark respiration. On the basis of 
the catalytic efficiency of Cd-CDCAI (taken at kat/Km = 3% 
10’M~'s~!, Fig. 6), and an intracellular CO, concentration of 
~1,M (taken as the half saturation constant for photosynthesis”), 
‘we estimate that a cellular CDCA1 concentration of 0.6 pmol enzyme 
per mol C is needed to catalyse the hydration/dehydration of all 
inorganic carbon fixed photosynthetically. This corresponds to a 
cellular Cd/C ratio of 2 pmol Cd per mol C, similar to the Cd/C ratio 
measured in the phytoplankton biomass”. The replacement of Zn by 
Cd in CDCA in the ocean can indeed satisfy a substantial fraction of 
the catalytic needs of fast growing diatoms. 

The remarkable ability to make use of an element previously 
known only for its toxicity is presumably a significant competitive 
advantage for diatoms in the metal-poor environment of the oceans. 
CA is a key enzyme in the carbon uptake machinery of these organ- 
isms, which are responsible for a large fraction of the carbon export 
from the atmosphere to the deep ocean. The biochemical use of 
Cd may thus have played a part in the global radiation of diatoms 
during the Cenozoic era and the concomitant decrease in atmo- 


spheric CO. 


METHODS SUMMARY 

‘The various CA coding sequences were overexpressed in E, coli and purified 
by meial affinity chromatography and gd filtration. Metal content of purified 
protein was measured by inductively coupled plasma-mass spectrometry. The 
kinetics of "0 exchange from triply labelled CO, (3C80!80) were followed 
in a membrane-inlet mass spectrometer and the rate constants calculated as 
reported", The metal binding affinity assay was as described” with minor 
modifications. The metal exchange experiment was performed by incubating 
CAs with CY or ZnY (Y = NTA or PC2) with tracer '°°Cd or ©Zn and then 
removing aliquots for protein assay and radioactivity counting, 

Various CA repeats were crystallized by the hanging-drop vapour-diffusion 
method. Diffraction data were processed using the HKL suite", The structure of 
the Cd-bound CDCAI-R2 was determined by Cd-SAD (single wavelength 
anomalous diffraction) using SHELX"'; all other structures were solved by 
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molecular replacement, Medel building and refinement were performed using 
ARP/wARP® and CNS®, respectively. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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The unexpected origin of plasmaspheric hiss from 


discrete chorus emissions 


Jacob Bortnik’, Richard M. Thorne’ & Nigel P. Meredith? 


Plasmaspheric hiss' is a type of electromagnetic wave found ubi- 
quitously in the dense plasma region that encircles the Earth, 
known as the plasmasphere*. This important wave is known to 
remove** the high-energy electrons that are trapped along the 
Earth’s magnetic field lines®, and therefore helps to reduce the 
radiation hazards to satellites and humans in space. Numerous 
theories to explain the origin of hiss have been proposed over 
the past four decades, but none have been able to account fully 
for its observed properties. Here we show that a different wave 
type called chorus”, previously thought to be unrelated to hiss, 
can propagate into the plasmasphere from tens of thousands of 
kilometres away, and evolve into hiss. Our new model naturally 
accounts for the observed frequency band of hiss, its incoherent 
nature, its day-night asymmetry in intensity, its association with 
solar activity and its spatial distribution. The connection between 
chorus and hiss is very interesting because chorus is instrumental 
in the formation of high-energy electrons outside the plasma- 
sphere’, whereas hiss depletes these electrons at lower equatorial 
altitudes™. 

Early spacecraft observations beginning in the late 1960s, of wide- 
band electromagnetic noise at frequencies below a few kiloHertz 
established the presence of a steady, incoherent noise band in the 
frequency range between ~200 Hz and ~1 kHz (refs 7, 8 and 10). 
This emission was named plasmaspheric hiss' because of its unstruc- 
tured nature, spectral resemblance to audible hiss, and confinement 
to the plasmasphere. Hiss occurs at all local times, but intensities are 
strongest on the day side“, and further increase when geomag- 
netic activity (such as storms and substorms, ultimately driven by 
solar activity) is increased'’. There have been a number of different 
hypotheses attempting to explain the origin of hiss'? (see Supple- 
mentary Information for further discussion), but only two have 
emerged as the most likely candidates: (1) the in situ growth and 
amplification of background dectromagnetic turbulence, driven by 
unstable energetic electron populations", and (2) the evolution of 
a spectrum of electromagnetic waves injected into the plasmasphere 
by terrestrial lightning strikes, into the observed hiss band'*”, 
However, there are observational difficulties with both leading 
models for the origin of hiss. Typical wave growth rates inside the 
plasmasphere are too modest’ to generate the observed emissions. 
Alternatively, if plasmaspheric hiss originated from lightning, the 
emissions would be stronger over the continents than over the oceans 
because lightning activity is more prevalent over land. A recent 
study of the geographic association of plasmaspheric emissions 
above 3kHz led to substantial controversy", and a more extensive 
study"! showed that hiss below 2 kHz, where the emission power is 
strongest, has no correlation with landmass. In addition, a lightning 
source of hiss cannot account for the pronounced association of 
wave intensities with geomagnetic activity. Clearly, an alternative 


explanation is required that is theoretically viable and can simulta- 
neously account for all the observed features of hiss. 

Figure Ib shows a dynamic spectrogram of an electromagnetic 
emission known as chorus’*2, which, unlike hiss, occurs in the 
unstable region outside the plasmasphere. The intensity and spectral 
characteristics of chorus are very different to those of hiss (Fig. 1c). 
Chorus wave power is typically greater than that of hiss*!*, and 
consists of discrete spectral features, which rise at a rate of the order 
of 1kHzs~' over a well-defined frequency band controlled by the 
equatorial electron gyrofrequency (fee defined as the frequency with 
which electrons gyrate about the Earth’s magnetic field line, and 
which is proportional to the magnetic field strength). Chorus 
typically occurs in two frequency bands: a lower, more intense, band 
in the range ~0.1-0.45f2, and an upper band at ~0.5-0.7fe.. In 
contrast, hiss remains in a roughly constant frequency band of 
~0.2-1 kHz throughout the entire plasmasphere. 

‘The propagation of chorus has been modelled as shown in Fig. 1a, 
using numerical ray tracing for a set of rays initiated at the geomag- 
netic equator, consistent with observations”. The rays are injected at 
L=5, where Lis the distance in Earth radii (1 Rz = 6,370 km) from 
the centre of the Earth to the equatorial crossing ofa given magnetic 
field line, at the lower end of the chorus frequency spectrum, 0.1fiey 
corresponding to a frequency of 704 Hz. Each ray is initiated with a 
slightly different wave normal angle tio (defined as the angle between 
the Earth’s magnetic field, and the normal to the plane of the wave, 
with negative angles pointed towards the Earth), and colour-coded 
accordingly. The damping experienced by each ray is accurately cal- 
culated?*, and each ray is plotted until it decays to 1% of its initial 
power. 

The rays exhibit a variety of behaviours. Those rays with yp near 
—70° or +20° are completely damped before they reach high lati- 
tudes (for example, A = 50°), while the rays with jp) = —25° to +10° 
(day side) magnetospherically reflect at high latitudes, and propagate 
away from the Earth, probably contributing to an emission pre- 
viously reported as extremely low frequency hiss*’*, However, a 
key range of rays with iy ~ —30° to —60° (day side), magnetospheri- 
cally reflect towards lower 25, and propagate into the plasmasphere. 
Once inside the plasmasphere, the damping rate is dramatically 
reduced owing to the high cold electron density, and low electron 
fluxes which produce the damping, The rays internally reflect many 
times before being completely damped, and in so doing, fill the 
plasmasphere with wave energy down to L~ 1.6, consistent with 
observations! (see Supplementary Information for a detailed ray 
path and discussion). Each ray has a slightly different entry point 
into the plasmasphere, so the chorus rays which propagated coher- 
ently outside the plasmasphere become completely randomized after 
only one or two internal reflections inside the plasmasphere, leading 
to the incoherent nature of hiss. Also clearly evident is the dramatic 
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difference between day and night in the access of rays into the plas- 
masphere, due primarily to the different electron fluxes responsible 
for the damping. 

To quantify the plasmaspheric access of chorus, rays were traced 
for different initial values of L, fg and frequency, and the lifetime t 
(defined to be the time taken for the ray to reach 1% of its initial 
power) was recorded. The results (shown in Fig. 2) canbe interpreted 
as follows: rays that are completely damped before they reach high 
latitudes typically have t< 11s, those that reflect and propagate to 
higher latitudes typically have t <5 s, but rays that enter the plasma- 
sphere have much longer lifetimes. A certain set ofrays,marked by the 
letter 1, originating at L~ 4.5-6.5, have lifetimes exceeding 30 s, and 
coincidentally have frequencies in the range ~0.2-1 kHz, identical to 


a Ray tracing 


Frequency (kHz) 


5.82 
49 November 2001 


Figure 1| Evolution of chorus into plasmaspheric hiss, a, A schematicof the 
near-Earth space environment, with the grey regions indicating the typical 
location of the dense plasmasphere. A set of 91 rays is launched from the 
geomagneticequator (thatis, 4 = 0°) at L = 5, with f= 0.1f,.(704H2z), in the 
wave normal range ~70° to +20°, at every 1°. Each ray is traced until its 
power decreases to 1% of its initial value, at which point the ray is 
terminated. Chorus originating with a different frequency and starting 
location will have a similar set of ray paths, which will merge together into an 
incoherent emission to fill the outer plasmasphere with hiss. b, A 10-s-long 
spectrogram showing the intensity of a typical series of rising chorus 
elements, as a function of frequency and time, observed by the Wideband 
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the observed hiss spectrum, On the night side, fewer waves are able to 
access the plasmasphere, and those that do have much shorter life- 
times, typically t~ 10s. Asthe frequency of the source population of 
chorusis increased (day side in Fig. 2c and e; night side in Fig. 2d and 
f), access into the plasmasphere becomes more restricted, and t is 
lowered to less than 10s, accounting for thereduced intensities of hiss 
above 1 kHz, and the weaker emissions observed on the night side. 
‘The power spectral intensity of those waves that access the plasme- 
sphereis enhanced, owing to the multiple magnetospheric reflections 
and the reduced magnetospheric volume occupied by hiss compared 
to that occupied by chorus. Consequently, onlya small fraction of the 
chorus wave power needs to leak into the plasmasphere to account 
for typical hiss intensities. Interestingly, we also note in Fig. 1a that 
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instrument on the Cluster II satellite on the day side outside the 
plasmasphere. c, A similar 10-s-long spectrogram showing plasmaspheric 
hiss intensity, on the night side inside the plasmasphere. There is a sharp 
lower frequency cut-off at ~200 Hz, and a more gradual upper frequency 
cut-off at ~1kHz, and no apparent structure in the spectrum. The abscissas. 
shown represent: Ur, Universal time; MLT, magnetic local time, which is the 
local time of equatorial crossing of the magnetic field-line passing through 
the satellite, and can be slightly different to the actual local time; and MLAT, 
magnetic latitude, the latitude of CRRES relative to the geomagnetic 
equator. 
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Figure 2 | Penetration characteristics of chorus rays. Each pixel represents 
a single chorus ray, initiated at the geomagnetic equator at the location and 
the wave normal jp shown. Each chorus ray is ray-traced until its power 
decreases to 1% of its initial value, and the time is recorded, and displayed 
using the colour scale at the bottom of the figure. The day side and night side 
cold plasma distribution is modelled after ref. 28, the field is assumed to be 
dipolar, and the suprathermal flux distribution used in the calculation of 
Landau damping outside the plasmasphere is obtained from the CRRES, 
following the methodology of ref. 23, taking the distribution to be MLT and 


some of the chorus rays pass through the plasmasphere, exit and 
return to the outer magnetosphere. Such emissions have been 
observed and referred to as exo-hiss in past studies! but their origin 
appears to be chorus. 

An observation of hiss and chorus waves from the Combined 
Release and Radiation Effects Satellite (CRRES) is shown in Fig. 3. 
During the inbound leg of the orbit (after ~11:00 ur), the satellite 
travels from higher tolower Land enters the plasmasphere onthe day 
side, Although individual chorus elements cannot be distinguished 
on this timescale, the frequency band of chorus clearly follows the 
equatorial gyrofrequency, increasing in frequency as the satellite 
moves to lower L, and remaining confined roughly to the band 
~0.1-0.45f-. On entering the plasmasphere, the chorus emissions 
are abruptly cut off at ~14:40 ur, and are replaced by the typical 
plasmaspheric hiss band, which has a peak intensity near the outer 
boundary of the plasmasphere and becomes weaker closer to the 
Earth, Many of the features discussed above are evident in this plot, 
induding the increased intensity of hiss on the day side versus the 
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L-dependent. Inside the plasmasphere, the flux distribution from ref. 29 is 
assumed. a-f, Each panel shows chorus ray lifetimes, for frequencies 
‘Aifec=0.1, 0.2 and 0.3 as shown, normalized to the electron gyroirequency, 
with the actual wave frequency f associated with the ray’s initial L value. jo 
normalized to the resonance-cone angle ye, beyond which propagation in 
the cold-plasma whistler-mode is not possible, is also shown, Rays with 
lifetimes over 5s have all entered and remained inthe plasmasphere (Fig, 1a), 
with some rays reaching lifetimes well over 50 s. 


night side, and the approximate location of the chorus source region, 
which is believed to leak into the plasmasphere and evolve into hiss 
(marked by the letter ‘S’ in Fig, 3), indicating that the rays responsible 
for the most intense portion of the hiss spectrum are generated well 
outside the plasmasphere, and not adjacent to it. Also visible is exo- 
hiss, at ~14:00-14:40, f~ 0.2-0.5 kHz, outside the plasmasphere, 
which is believed to have leaked out, as described above. The upper 
frequency cut-off of both the hiss and chorus waves near the plasma- 
sphere boundary shows a very close correspondence, suggesting that 
it is these higher-frequency chorus waves that have leaked into the 
plasmasphere and evolved into the hiss spectrum, but at much lower 
intensities than the components at less than 1 kHz, as is clearly repro- 
duced in our simulations. 

‘The present modelling study is the first to link chorus to the origin 
of plasmaspheric hiss. Much detailed modelling remains to be done 
in thisarea, but our results naturally account for the essential features 
of hiss, such as the observed frequency spectrum, its incoherent 
nature, the day-night asymmetry in intensity, the distribution in L, 
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Wave spectral intensity (V2 m-2 Hz) 


Figure 3 | CRRES satellite data showing chorus and hiss emissions. Survey 
plot (~9h) of the wave spectral intensity for orbit 130 from the CRRES 
Plasma Wave Experiment. The region marked “S”’ is the source region of 
chorus from which waves propagate into the plasmasphere and evolve into 
hiss. We note that there is not a perfect correspondence between the 
observed chorus and the hiss, because the CRRES satellite was changing its 


the geomagnetic control!!?6, as well as other ancillary features, such 
as exo-hiss and extremely low frequency hiss. We thus contend that 
chorus waves are the dominant source of plasmaspheric hiss. 
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Mapping photonic entanglement into and out of a 


quantum memory 


K.S. Choi’, H. Deng’, J. Laurat'} & H. J. Kimble! 


Developments in quantum information scence! rely critically on 
entanglement—a fundamental aspect of quantum mechanics that 
causes parts of a composite system to show correlations stronger 
than can be explained classically’. In particular, scalable quantum 
networks require the capability to create, store and distribute entan- 
glement among distant matter nodes by means of photonic chan- 
nels’, Atomic ensembles can play the role of such nodes’. So far, in the 
photon-counting regime, heralded entanglement between atomic 
ensembles has been successfully demonstrated through probabilistic 
protocols**, But an inherent drawback of this approach is the com- 
promise between the amount of entanglement and its preparation 
probability, leading to intrinsically low count rates for high entan- 
glement. Herewe report a protocol where entanglement between two 
atomic ensembles is created by coherent mapping of an entangled 
state of light. By splitting a single photon™® and performing sub- 
sequent state transfer, we separate the generation of entanglement 
and its storage’*. After a programmable delay, the stored entangle- 
ment is mapped back into photonic modes with overall efficiency of 
17%. Together with improvements in single-photon sources", our 
protocol will allow ‘on-demand’ entanglement of atomic ensembles, 
a powerful resource for quantum information science. 

In the quest to achieve quantum networks over long distances’, 
there has been considerable interest in the interaction of light with 
atomic ensembles consisting of a large collection of identical atoms*. 
In the regime of continuous variables, a notable advance has been the 
teleportation of quantum states between light and matter’*. For dis- 
crete variables with photons taken one by one, important achieve- 
ments include the efficient mapping of collective atomic excitations 
to single photons'*"*, the realization of entanglement between distant 
ensembles” and, recently, entanglement distribution involving two 
pairs of ensembles®. The first step towards entanglement swapping has 
been made" and light-matter teleportation has been demonstrated”. 

In all these cases, progress has relied on probabilistic schemes fol- 
lowing the measurement-induced approach developed by Duan et al.* 
and subsequent extensions. For this protocol, heralded entanglement 
is generated by detecting a single photon emitted indistinguishably by 
one of two ensembles. Intrinsically, the probability p of preparing 
entanglement with only one excitation shared between two ensembles 
is related to the quality of entanglement, because the likelihood for 
contamination of the entangled state by processes involving two exci- 
tations likewise scales as p (ref. 17), and results in low probability of 
success. Although the degree of stored entanglement can approach 
unity for the (rare) successful trials'”, the condition p<1 dictates 
reductions in the count rate and compromises in the quality of the 
resulting entangled state (for example, as p—> 0, processes such as 
stray light scattering and detector dark counts become increasingly 
important). Furthermore, for finite memory time, subsequent con- 
nection of entanglement becomes increasingly challenging". 


The separation of processes for the generation of entanglement 
and for its storage enables this drawback to be overcome. Here, we 
demonstrate this by reversible mapping of an entangled state into a 
quantum memory. The mapping is obtained by using adiabatic pas- 
sage based on dynamic electromagnetically induced transparency 
(EIT)?>? (see Methods). Storage and retrieval of optical pulses have 
been demonstrated previously, for both classical pulses and sin- 
gle-photon pulses’*””. Adiabatic transfer of a collective excitation has 
been demonstrated between two ensembles coupled by a cavity 
mode, which can provide a suitable approach for generating on- 
demand entanglement over short distances. However, to assist effi- 
cient distribution of entanglement over quantum networks, revers- 
ible mapping of an entangled state between matter and light, as 
illustrated in Fig, 1a, has not been addressed until now. 

In our experiment, entanglement between two atomic ensembles 
LR, is created by first splitting a single photon into two modes 
LinsRin to generate an entangled state of light’*. This entangled field 
state is then coherently mapped to an entangled matter state for L,,R. 
On demand, the stored atomic entanglement for L,,R, is converted back 
into entangled photonic modes LousRout- AS opposed to the original 
scheme of Duan etal.*, our approach is inherently deterministic, suffer- 
ing principally from the finite efficiency of mapping single excitations to 
and from an atomic memory. An efficiency of about 50% has been 
achieved (see Methods). Moreover, the contamination of entanglement 
for L,,R, from processes involving two excitations can be arbitrarily 
suppressed (independent of the mapping probabilities) with continu- 
ing advances in on-demand single-photon sources", Our experiment 
thereby provides a promising tool for distributing and storing entan- 
glement over remote atomic ensembles for quantum networks". 

The experimental setup is depicted in Fig. 1. Our single-photon 
source is based on Raman transitions in an optically thick caesium 
ensemble"? (see Methods). This system generates 28-ns-long single 
photons (resonant with the 6S, 2, F=4 3 6P3,, F =4 transition) in 
a heralded fashion where successful photoelectric detection of a sin- 
gle photon unambiguously signals (‘heralds’) the presence of asingle 
collective excitation, and enables subsequent triggered generation of 
single photons". The single photons are polarized at 45° from the 
eigen-polarizations of the beam displacer BD, (Fig. 1b) which splits 
them into entangled optical modes Ip, Rin (called the signal modes) 
to produce, in the ideal case, the following state: 


Julia) eM ,105,)) a) 


The next stage consists of coherently mapping the photonic entan- 
glement for Liq,Rin into atomic ensembles [,,R, (called the memory 
ensembles) within a single cloud of cold caesium atoms ina magneto- 
optical trap (MOT) (Fig. 1c). Ensembles I,,R, are defined by the 
well-separated optical paths of the entangled photonic modes 
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Figure 1| Overview of the experiment. a, Reversible mapping, Illustration 
of the mapping of an entangled state of light into and out of a quantum 
memory (QM) with storage time t. b, Photonic ‘entangler’. A beam displacer 
BD; splits an input single photon into two orthogonally polarized, entangled 
modes Lig Rig» which are spatially separated by 1mm, With wave plates {/2 
and 4/4, the signal fields 2,a1 for Lig,Rjq and the two control fields Q.'"*'(4) 
are transformed to circular polarizations with the same helicity along each 
path L, R, and copropagate with an angle of 3°. c, Quantum interface for 
reversible mapping. Photonic entanglement between Lin,Rin is coherently 
mapped into the memory ensembles LasRa by switching Q<'""() off 
adiabatically. After a programmable storage time, the atomic entanglement 
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is reversibly mapped back into optical modes LaytRout by switching 
2.")(t) on, Relevant energy diagrams for the storage and retrieval 
processes are shown in the insets. States |a), |b) are the hyperfine ground 
states F = 4, F = 3 of 6S; in atomic caesium; state |c) is the hyperfine level 
F'=4 of the electronic excited state 6Py2. d, Entanglement verification. 
‘After a J/4 plate, the beam displacer BD, combines modes LyuyRoas into one 
beam with orthogonal polarizations. With the verification wave plate (1/2), 
at 0, = 22.5° before the polarization beamsplitter (PBS,), single-photon 
interference is recorded at detectors D;,D2by varying the relative phase grat 
with a Berek compensator, With (//2}y at () = 0°, photon statistics for each 
mode LousRout are measured independently. 


LiryRin- To avoid dissipative absorption for the fields in modes Lin) Rin 
for our choice of polarization’’, we spin-polarize the atomic 
ensemble into one Zeeman sublevel of a hyperfine ground state 
|F= 4, mp=0). Initially, the strong control fields 2.°°"(1) (resonant 
with 65; F= 3 6P3a) F = 4 transition) open transparency win- 
dows 2.”*)(0) in LaR, for the signal modes. As the wave packet of 
the Signal field propagates through each ensemble, the control fields 
Q(t) areturned off in 20 ns byan electro-optical intensity modu- 
lator, thus coherently transforming the fields of the respective signal 
modes to collective atomic excitations within IR). This mapping 
leads to heralded entanglement between L,,R,. After a user-defined 
delay, chosen here to be 1.1 ls, the atomic entanglement is converted 
back into entangled photonic modes by switching on the control 
fields Q<"(2) (see Methods). Alternate algorithms for quantum 
control of the conditional readout allow extensions for entanglement 
connection and distribution by way of asynchronous preparation®"*. 

For a given optical depth y, there is an optimal Rabi frequency 2.() 
for the control fidd. In our experiment, y and @,(0) are 15 and 
24 MHz, respectively. An example of our measurements of the EIT 
process for a single ensemble is presented in Fig. 2. Because of finite y, 
the small length (~3 mm) of the ensemble and the turn-offtime of the 
intensity modulator, there is considerable loss in the storage process, as 


Figure 2 | Single-photon storage and retrieval for a single ensemble. 

a, Input. The data points are the measured probabilities p- for the signal 
field, a single photon generated from a separate atomic ensemble”. The 
red solid line represents a gaussian fit of 1/e width 28ns. b, Storage and 
retrieval. The points around t = Ous represent ‘leakage’ of the signal field 
dueto the finite optical depthand length of theensemble. The points beyond 
T= | pis show the retrieved signal field. The overall storage and retrieval 
efficiency is (17 + 1)%. The blue solid line is the estimated Rabi frequency 
Q.{t) of the control pulse. The red solid curve is from anumerical calculation 
solving the equation of motion of the signal field in a dressed medium”. 
Error bars give the statistical error of 1a for each point, 
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evidenced by the counts around t= 0 us in Fig. 2b. The peak beyond 
1 =1 is represents the retrieved pulse after 1.1 pis of storage. Overall, 
we find good agreement between our measurements and numerical 
calculations following the methods in ref. 23. We use the fitted func- 
tion of the input signal field (Fig, 2a) as the initial condition with all 
other parameters from independent measurements (see Methods). We 
find an overall storage and retrieval efficiency of q, = 17 * 1%, also in 
agreement with the simulation of :"° = 18%. 

With these results in hand for the individual L,,R, ensembles, we 
next turn to the question of verification of entanglement for the 
optical modes of LigyRin aNd LoutyRout- We follow the protocol intro- 
duced in ref. 5 by (1) reconstructing a reduced density matrix p con- 
strained to a subspace containing no more than one excitation in each 
mode, and (2) assuming that all off-diagonal elements between states 
with different numbers of photons vanish, thereby obtaining a lower 
bound for any purported entanglement, In the photon-number basis 
|nz,mg) with {n,m} = {0,1}, the reduced density matrix p is written as* 


pmo 0 0 0 

0 d 0 

ae (2) 
pr 0 

0 0 0 m 


Here, pjis the probability of finding i photons in mode J, and jin 
mode Rj, d~ ¥2V(pio + por) is the coherence between |1,0g), and 
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0.1Rd P= poo+ Prot Por + py and Vis the visibility for interfer- 
ence between modes Lj,.Rj, with k € {in, out}. The degree of entan- 
glement of p can be quantified in terms of concurrence, 
C= }max(0,2|d|—2y/Popi1), which is a monotone function of 
entanglement, ranging from 0 for a separable state to 1 for a max- 
imally entangled state”. 

We first perform tomography on the input modes Ljq)Rin to verify 
that they are indeed entangled. To this end, we remove the memory 
ensembles to transmit the signal fields directly into the verification 
stage, following our protocol of complementary measurements as 
described in Fig. 1d. The interference fringes between the two input 
modes are shown in Fig. 3a. From the independently determined 
propagation and detection efficiencies (see Methods), we use the 
measurements at D,,D, to infer the quantum state for the input 
modes L,q,Rjy entering the faces of LR, (ref. 5), with the recon- 
structed density matrix pin given in Fig. 3a, The concurrence derived 
from piq is Cy = 0-10 + 0.02, so the fields for Lig,Rj, are indeed 
entangled. ‘The value of the concurrence is in good agreement with 
the independently derived expectation of Ci?” = 0.10 +0.01, 
which depends on the quality of the single photon and the vacuum 
component (that is, the overall efficiency)'’. Given a heralding click 
from our single-photon source, the probability of having a single 
photon at the face of either memory ensemble is 15%, leading to a 
vacuum component of 85%. We also independently characterize the 
suppression w of the two-photon component relative to a coherent 
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Figure 3 | Entanglement for the input and output optical modes. To verify 
entanglement, complementary measurements are made: interference 
leading to a fringe when the relative phase ¢,q is scanned and independent 
photon statistics for each light mode. Interference fringes and the 
reconstructed density matrices (in log scale) are shown for the photonic 


modes: a, at the input of the memory and b, the output after storage and 
retrieval. The estimated concurrence is given in each case. Each point of the 
fringe is taken for 20,000 (100,000) heralding events for the input (output) 
state, The red and black data points correspond to detection events in 
detectors D,,D,, respectively. Error bars indicate statistical errors of 1a. 
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state (for which w = 1) and find w= 0.09 + 0.03. Our input entan- 
glementis limited only by the current properties of our single-photon 
source, which will beimproved with the rapid advances in sources of 
single photons", 

Having verified entanglement for the input modes Lip Rin) We Next 
map this photonic entanglement into LR, which serve as a 
quantum memory (Fig, 1c). After storing the entanglement for 
1.1 ps, we transfer the resulting atomic excitation from the memory 
to the output modes LoypRow and perform quantum-state tomo- 
graphy to determine pout as for pin. As shown in Fig, 3, the visibility 
for interference of the fields after storage and retrieval shows no 
appreciable degradation (from Vj, =0.93 +0.04to Voy =0.91 + 
0,03). From the measurements at D,,D,, we infer the quantum state 
Pout at the output faces of Ly,Ry as displayed in Fig. 3b, The associated 
concurrence Cyyy= (1.904) 10> is in agreement with 
Cheer’ = (1,7 + 0.1) X 107, Because mapping of atomic states from 
L,R, into field modes LoypRouris a local operation, this measurement 
provides a lower bound for the entanglement between the L,,Ry 
ensembles‘, Thus, we demonstrate the reversible mapping of an 
entangled state of the electromagnetic field to and from a material 
system. For completeness, Table 1 gives the diagonal elements and 
concurrences of Pin,Poyr determined directly at D, and D; without 
correction for propagation and detection efficiencies, 

We emphasize that although the entanglement associated with pout 
is heralded (because of the nature of our single-photon source), our 
protocol for generation and storage of entanglement is intrinsically 
deterministic. The transfer efficiency of entanglement from input 
modes to output modes of the quantum memory is limited by the 
storage and retrieval efficiency 1, ofthe EIT process, This transfer can 
be quantified by the ratio / of the concurrence Cy, for the output 
state Pour to Gp for the input state pin. For an ideal source of single 
photons on-demand (with no vacuum component), the input con- 
currence is approximated by Ci, ~«V, where « denotes the trans- 
mission efficiency of the single photon from the source to the 
entangler in Fig. 1b (ref. 17). Similarly, for the output, Coue~ ameVs 
where we assume that the visibility V is preserved by the mapping 
processes. Thus, A = Cjy/Cour™ ti which therefore estimates the 
maximum amount of entanglement in modes LouRour for the case 
of anideal single photon generated deterministically. In our experi- 
ment, the entanglement transfer reaches A = (20 + 5)9%. By optimal 
pulse shaping and improved optical depth, the entanglement transfer 
could be greatly improved (see Methods). 

The performance of our quantum interface also depends on the 
memory time t,, over which one can faithfully retrieve a stored 
quantum state. For our system, independent measurements of 1, 
made by varying the storage duration t allow us to determine 
Tm = (8 + 1) ps, as limited by inhomogeneous Zeeman broadening 
and misalignment of the quantization axis. Active and passive com- 
pensation of the residual magnetic field would improve t,, along 
with optical trapping techniques (see Methods). 

In condusion, our work provides the first realization of mapping 
an entangled state into and out ofa quantum memory. Our protocol 
alleviates the significant drawback of probabilistic protocols‘, where 
low preparation probabilities prevent its potential scalability’, and 
thus our strategy can be incorporated into extensions of ref. 4 for 
efficient scaling for high-fidelity quantum communication". Our 


Table 1| Experimentally determined py and concurrences Cia» Cout 


Be Poa 
Boo 0.9800 +0.0001 0.99625 +.0.00003 
Pro (1.043 +0.008) x 10-2 (2.094 0.02) x 10-3 
Por (0.957 + 0.008) x 10-2 (1.67 +0.02) x 10-3 
Bu (842) x10-® (242)x10-7 

c (1.28 +0.09) «10-2 (2.540.5)x10-4 


‘The diagonal elements py and concurrences Ca, Cus forthe density matrices Py, Pou are those 
cerived directly from detectors D;02 without correction for losses and detection efficiencies. 
Statistical errors of la are also given. 


70 


NATURE|Vol 452|6 March 2008 


results are limited by the large vacuum component of our available 
single-photon source, which reduces the degree of entanglement in 
the input, and by the limited retrieval efficiency of the EIT process, 
which limits the entanglement transfer to 4 =(20+5)%. With 
improved retrieval efficiency and memory time, along with the rapid 
development of on-demand single-photon sources", our protocol 
willmake possible the generation, storage and distribution of entan- 
glement among remote quantum memories for scalable quantum 
networks, Such networks have diverse applications in quantum 
information science, induding quantum metrology, where quantum 
sensing is provided by the atomic entanglement and readout by 
coherent mapping to the photonic modes. 

In the broader context of quantum information theory, our 
experiment contributes to the lively debate about ‘single-particle’ 
entanglement’*”*. Part of the discussion centres on a gedanken 
experiment in which an entangled state for a single particle is mapped 
into a two-particle system by local operations, verifying the presence 
of entanglement for the original ‘single-particle’ state”. Our experi- 
ment demonstrates that an entangled state with one photonic excita- 
tion shared between two optical modes (see equation (1)) can be 
converted into an entangled state for two atomic ensembles by way 
of coherent mapping. The presence of entanglement between the 
two atomic ensembles is explicitly quantified by the lower bound 
Cou = (1.9 £0.4) X 10°, thereby realizing the proposal of ref. 30. 


METHODS SUMMARY 


After loading the atoms into a magneto-optical trap and subsequent cooling, the 
atomic ensembles are optically pumped to |F= 4, mp= 0) by Zeeman pumping 
beams (close to4.€ 4’ transition and linearly polarized along the quantization 
axis) and a hyperfine pumping beam. Each trial starts at a repetition rate of 
1.7MHz. The single-photon source is acold atomic ensemble (called the source 
ensemble) located 3 m fromthe memory ensembles, synchronized bya fast clock 
signal. We apply a sequence of write and read laser pulses to the source ensemble 
which generates sequentially a pair of Raman scattered fields 1, 2, where field 2 is 
collectively enhanced. The detection of field 1 is used to trigger a logic circuit 
which terminates the write and read lasers during the storage process at the 
quantum interface. All data are taken conditioned on a field-1 detection for 
the source ensemble, The single photon propagates through the memory 
ensembles where the group velocity of the field is adiabatically reduced and 
stopped by reducing the intensity of the control laser, On demand, the single 
excitation shared between [,,R, is retrieved back to photonic modes by time- 
reversing the control laser, The operational procedures for constructing the 
reduced density matrix (equation (2)) are based on the analysis in ref. 5 and 
are further elaborated. 


Full Methods ard any associated references are aveilable in the online version of 
the paper at www.nature.com/nature, 
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Strong dispersive coupling of a high-finesse cavity to 
a micromechanical membrane 


J.D. Thompson’, B. M. Zwickl', A. M. Jayich’, Florian Marquardt’, S. M. Girvin’? & J. G. E. Harris’? 


Macroscopic mechanical objects and electromagnetic degrees of 
freedom can couple to each other through radiation pressure. 
Optomechanical systems in which this coupling is sufficiently 
strong are predicted to show quantum effects and are a topic of 
considerable interest. Devices in this regime would offer new types 
of control over the quantum state of both light and matter’, and 
would provide a new arena in which to explore the boundary 
between quantum and classical physics”. Experiments so far have 
achieved sufficient optomechanical coupling to laser-cool mech- 
anical devices*”, but have not yet reached the quantum regime. 
The outstanding technical challenge in this field is integrating 
sensitive micromechanical elements (which must be small, light 
and flexible) into high-finesse cavities (which are typically rigid 
and massive) without compromising the mechanical or optical 
properties of either. A second, and more fundamental, challenge 
is to read out the mechanical element’s energy eigenstate. 
Displacement measurements (no matter how sensitive) cannot 
determine an oscillator’s energy eigenstate’, and measurements 
coupling to quantities other than displacement'*"® have been dif- 
ficult to realize in practice. Here we present an optomechanical 
system that has the potential to resolve both of these challenges. 
We demonstrate a cavity which is detuned by the motion of a 50- 
nm-thick dielectric membrane placed between two macroscopic, 
rigid, high-finesse mirrors. This approach segregates optical and 
mechanical functionality to physically distinct structures and 
avoids compromising either. It also allows for direct measurement 
of the square of the membrane’s displacement, and thus in prin- 
ciple the membrane’s energy eigenstate. We estimate that it should 
be practical to use this scheme to observe quantum jumps of a 
mechanical system, an important goal in the field of quantum 
measurement. 

Experiments and theoretical proposals aiming to study quantum 
aspects of the interaction between optical cavities and mechanical 
objects have focused on cavities in which one of the cavity’s mirrors is 
free to move (for example, in response to radiation pressure exerted 
by light in the cavity). A schematic of such a setup is shown in Fig. La. 
Although quite simple, Fig. 1a captures the relevant features of nearly 
all optomechanical systems described in the literature, including 
cavities with ‘folded’ geometries, cavities in which multiple mirrors 
are free to move’, and whispering gallery mode resonators"* in which 
light is confined to a waveguide. All these approaches share two 
important features. First, the optical cavity’s detuning is proportional 
to the displacement of a mechanical degree of freedom (that is, mir- 
ror displacement or waveguide elongation). Second, a single device 
must provide both optical confinement and mechanical pliability. 

In these systems, optomechanical coupling can be strong enough 
to laser-cool their brownian motion by a factor of 400 via passive 
cooling’. But the coupling has been insufficient to observe quantum 


Figure 1| Schematic of the dispersive optomechanical set-up. 

a, Conceptual illustration of ‘reflective’ optomechanical coupling. The cavity 
mode (green) is defined by reflective surfaces, one of which is free to move. 
The cavity detuning is proportional to the displacement x. b, Conceptual 
illustration of the ‘dispersive’ optomechanical coupling used in this work. 
The cavity is defined by rigid mirrors. The only mechanical degree of 
freedom is that of a thin dielectric membrane (orange) in the cavity mode 
(green). The cavity detuning is periodic in the displacement x. The total 
cavity length is L = 6.7m, ¢, Photograph of a SiN membrane 

(1mm X 1 mm X 50nm) on a silicon chip. d, Schematic of the optical and 
vacuum setup. The vacuum chamber (dotted line) is ion-pumped to 
~10”° torr. The membrane chip is shown in orange. The optical path 
includes an AOM for switching the laser beam on and off, and a 
proportional-integral (PI) servo loop for locking the laser to the cavity. The 
reflected laser power is recorded by a data acquisition system (DAQ). 

@, Calculation of the cavity frequency (cyy(X) in units of psp = nell. Each 
curve corresponds to a different value of the membrane reflectivity r.. 
Extrema in cq,(x) occur when the membrane is at a node (or antinode) of 
the cavity mode, Positive (negative) slope of @ay(x) indicates the light 
energy is stored predominantly in the right (left) half of the cavity, with 
radiation pressure force acting to the left (right). 
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effects such as quantum fluctuations (shot noise) of the radiation 
pressure. To illustrate the connection between observing quantum 
effects and the properties of the devices in Fig, 1a we consider a figure 
of merit R, the ratio between the force power spectral densities of 
radiation pressure shot noise (Sp) and thermal fluctuations (S;"): 
R= S/S = 16K Pin QF /Acteky Tmo, Here Piy and 1 are the 
laser power and wavelength incident on the cavity; F is the cavity 
finesse; Q m and Wy, are the mechanical element's quality factor, 
motional mass and resonant frequency; and Tis the temperature of 
the thermal bath. This expression highlights the importance of 
achieving both good optical properties (high F) and good mechanical 
properties (high Q small m, spring constant k). 

Simultaneously achieving good mechanical and optical properties 
has been the main technical barrier to realizing quantum optome- 
chanical systems. In large part this is because high-finesse mirrors are 
not easily integrated into micromachined devices. These mirrors 
are typically Si0,/Ta,0; multilayers which are mechanically lossy!” 
(limiting Q); they must also be ~2 1m thickand ~30 1m in diameter 
to avoid transmission and diffraction losses'*””, setting lower limits 
on m and k; and the mirror’s cleanliness and flatness must be 
maintained during micromachining, As a result most experiments 
(induding those using whispering gallery mode resonators) reach a 
compromise between high-quality optical or mechanical properties. 

Figure Ib shows a cavity layout that differs from Fig. 1a and is the 
focus of this paper. The cavity is a standard high-finesse Fabry—Perot 
which in our laboratory is formed between two macroscopic, rigid, 
commercial mirrors mounted to a rigid spacer. These mirrors are 
assumed to be fixed. The mechanically compliant element is a thin 
dielectric membrane placed at the waist of the cavity mode. We use a 
commercial SiN membrane 1 mm square by 50 nm thick. The mem- 
brane is supported by a silicon frame (a typical device is shown in 
Fig. 1c). The cavity is excited by a laser with A = 1,064 nm. The beam 
path is shown in Fig. 1d. 

Unlike the cavities illustrated in Fig, 1a, the coupling between the 
membrane and the optical cavity in Fig. 1b depends on where the 
membrane is placed relative to the nodes of the cavity mode (shown 
in green in Fig. 1b). This results in a cavity detuning (q(x) which 
is periodic in the membrane displacement x, in analogy with the 
dispersive coupling in some atom-cavity experiments*”!. A one- 
dimensional calculation gives @®ay(x) = (dL) cos” {|r| cos(4nx/)] 
where L is the cavity length and 1, is the membrane’s (field) reflec- 
tivity. Figure Le shows a plot of @cay(x) for various values of r.. This 
geometry is discussed in ref. 22, although not its connection to the 
fabrication and quantum non-demolition issues discussed here. 

The optical force on the membrane is proportional to 
Odea /Ox2C|re|, $0 using a membrane with modest 7, does not sub- 
stantially reduce the optomechanical coupling. Thus our approach 
removes the need to integrate good mirrors into good mechanical 
devices. We have made use of the fact that the cavity mirrors set F, 
and the mechanical element's reflectivity only determines the frac- 
tion of intracavity photons that transfer momentum to the mem- 
brane. Our approach also relaxes the constraint on the mechanical 
element's thickness, although not on its lateral size. 

For this ‘membrane-in-the-middle’ approach to work, the mem- 
brane must not diminish F through absorption or scatter, or by 
coupling light into lower-F modes. Figure 2a shows cavity ringdown 
measurements with the membrane removed (blue), and with the 
membrane inserted at an antinode (green) or node (red) of the 
intracavity field. Fitting the empty cavity data gives Fy = 16,100. 
With the membrane at an antinode F drops to Fay, = 6,940, implying 
Im(tigy) = 1.6 X 10~* (ngjqq is the membrane’s refractive index), 
consistent with tabulated optical properties” of SiN. But when the 
membrane is placed at a node, the finesse is Fy = 15,200, equal to Fy 
to within the repeatability of the measurement (~10%). 

Figure 2a thus highlights an additional important advantage of the 
‘membrane-in-the-middle’ geometry. It allows us to use a membrane 
much thinner than 4 and to position it at a cavity node, greatly 
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reducing the overlap of the membrane with the optical field and 
making the membrane’s already small optical losses essentially 
irrelevant. This is important both for maintaining high Fand ensur- 
ing the mechanical device is not heated by absorption of light. By 
contrast, a cantilever-mounted mirror as in Fig, 1a must overlap with 
several antinodes'*, A similar suppression is used in blue-detuned 
optical lattices where atoms are trapped at the optical field nodes and 
experience greatly reduced scattering”, Straightforward calculations 
show that with the measured SiN optical loss, commercially available 
end mirrors could allow F>5 X 10° if the membrane is placed ata 
node, 

Figure 2b shows the transmission through the cavity as function 
of laser frequency and x, The bright bands correspond to cavity 
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Figure 2| Optical and mechanical characterization of the cavity. 

a, Ringdown measurements of the cavity with the membrane removed 
(blue), and with it placed at a cavity node (red) or at an antinode (green). The 
transmitted power Py is plotted as a function of time. The laser is switched 
off at 400 ns. An offset has been subtracted from the data. The exponential 
time constants (tp, ty and tay) fitted to the data correspond to cavity 
finesses Fy = 16,100, Fy = 15,200 and Fay = 6,940. b, Logarithmic greyscale 
plot of the cavity transmission versus laser detuning and membrane 
position. The two brightest curves correspond to the cavity’s TEMoy mode, 
Fitting the data gives the membrane reflectivity r, = 0.42 (see Fig. le). The 
fainter curves are higher-order transverse modes. ¢, Ringdown measurement 
of the membrane’s lowest mechanical resonance. The fit gives a ringdown 
time t = 2.67, corresponding to Q= 1/2 = 1.1 X 10°. 
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Figure 3 | Passive laser cooling of the membrane. The power spectral 


density §, of the membrane’s undriven motion at different values of the laser 
detuning (from top to bottom: 4.84, 2.18, 1.66, 1.00 and 0.71 cavity 
linewidths) and an incident optical power Pi, = 114 lW (except for the 
uppermost curve for which Pi, = 359 uW). Solid lines are fits to a damped 
driven oscillator model. The effective temperature Tyg of the membrane is 
determined from Qegr and is indicated on the figure (the quoted ertor is the 
statistical error in fitting Qos as determined from the fitresiduals). A broad 
feature partially visible at the left of the lowest two data sets is due to 
electrical noise and was excluded from the fits. The noise floor is set by 
stationary voltage noise at the detector. The noise floor differs in the curves 
because of the detuning dependence of the volts-to-metres conversion. 


resonances. Fitting the data gives r. = 0.42, consistent with the mem- 
brane thickness and Re( tiny) = 2.2. 

Figure 2c shows the mechanical ringdown of the membrane’s 
lowest flexural resonance at (m= 2m  134kHz. From @m, and m 
(calculated from the membrane dimensions to be 4 X 10~® g) we find 
the spring constant k= 28 Nm. Fitting the data in Fig. 2c gives 
Q=11% 10% 

For small oscillation amplitudes the membrane is well described 
as a harmonic oscillator and @cay(x) is linear to lowest order in 
x (except at an extremum of @ay(x)). Thus this device can mimic 
the traditional optomechanical systems illustrated in Fig. 1a, but 
without the technical challenge of integrating mirrors into 
cantilevers, 

To illustrate this point, we use the mechanism described in refs 
9-12 to laser-cool the membrane’s brownian motion. Figure 3 
shows the power spectral density of the membrane’s undriven 
motion S,(v) when the laser is slightly red-detuned from the cavity 
resonance, The membrane’s motion is monitored by means of the 
light reflected from the cavity while the laser detuning and Pj, are 
varied. As described elsewhere”, the radiation pressure exerted by 
the red-detuned laser damps the membrane’s brownian motion. 

We extract the membrane’s effective temperature T. from the 
data in Fig, 3 in two ways: Teg”? = mag") /ky or Tes 2 = TQeglQ 
where (x*)= [$,(v)dv and the effective Q factor Qe is found by 
fitting each curve. The values of Teg”) and Teg! agree to within a 
factor of ~2, with Tag”? systematically less than Teg!®. Because Teg” 
may be affected by small errors in the absolute calibration of x, we cite 
Te? in Fig. 3. 

The lowest temperature achieved in Fig. 3 is 6.82mK, a factor of 
4.4 X 10* below the starting temperature of 294 K. This is a cooling 
ratio more than 100 times greater than has been achieved previously 
with passive laser cooling of mechanical devices". It is made possible 
by the geometry of this system, which allows us to combine high-F 
cavities with high-Q, low-k mechanical oscillators. 


Table 1| Parameters for observing a membrane's quantum jumps 
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The laser cooling in Fig. 3 was obtained by positioning the mem- 
brane so that @,4/(x) is proportional to x. However, ifthe membrane 
is positioned at an extremum of @, (red circle in Fig. 2b), then 
to lowest order @ay(x) oc x*. In this case, light leaving the cavity 
carries information only about x°. The ability to realize a direct 
x”-measurement is a fundamental difference between our approach 
and previous work because it can be used asa quantum non-demoli- 
tion readout of the membrane’s phonon number eigenstate"®. 

To see this we note that the Hamiltonian of the 
optomechanical system is A=h@ay(x)a'a+hogbtb where 
@ and b are the lowering operators for the optical and mechan- 
ical modes, %=xq(b'+0), and xm=/fi/2mo,. With the mem- 
brane at an extremum of @gy (for example, x=0), we can 
expand A ~h(Weqy(0)+40%,,(0)2,(6' + )P)a'a+thogb'b where 
Og =FOay/dx. In “the rotating wave _ approximation 
(valid when mdLF<@m), this becomes H~ fi(ay(0)+ 
oo! (0)x2,(bt b+))al a+ hex, bt b. Thus, within this approximation, 
[H,b'b|=0, and so the membrane’s phonon number can be 
meesured without back action. In principle bf can be read out 
by monitoring the optical cavity: it experiences a detuning-per- 
phonon A@ey=x20/,,(0) which can be monitored with a 
Pound—Drever— Hall circuit. 

‘The presence of extrema in @,,(x) thus provides an optomecha- 
nical coupling of the form required for quantum non-demolition 
measurements of the membrane’s phonon number. Whether such 
a measurement can be used to observe a quantum jump of the mem- 
brane depends on whether A@eav =(16n*cx2, /LA”)\/2(1 —re) can be 
resolved in the lifetime of a phonon number state. The shot-noise- 
limited sensitivity of an ideal Pound—Drever—Hall detector is** 
Soa, = Thc /16F°L21P.,, and the (power) signal-to-noise ratio for 
resolving ajump from the nth phonon state is 2 = 4 Aaz,, /Sur.,- 
For realistic parameters we find that the lifetime of the nth phonon 
state tig: is primarily limited by thermal excitations, with small cor- 
rections due to the rotating wave approximation and imperfect posi- 
tioning of the membrane at x = 0. The relevant calculation is in the 
Supplementary Information. 

For our estimates we assume that T = 300 mK, that the membrane 
is laser-cooled to its ground state*, and that the cooling laser is then 
shut off. We calculate 2, the signal-to-noise ratio for observing the 
quantum jump of the membrane out of its ground state. Table 1 
shows two sets of experimental parameters giving 3° ~ 1. The para- 
meters in Table 1, although challenging, seem feasible. We have mea- 
sured Q= 1.2 X 10” for these membranes at T= 300mK, and have 
cryogenically cooled the brownian motion of similar devices” to 
300mK. The x°-measurement can be realized with the membrane 
at anode, so F> 3X 10° should be possible. With the membrane 
at a node, we assume that P;,, of a few microwatts would not lead to 
excessive heating. The mass m =5 X 10~'" g is the motional mass of 
a membrane 50nm thick and 40 tm in diameter. Remarkably, pat- 
terning such a membrane can lead to high r; (ref. 28) and may allow 
for r, > 0.999 (O. Solgaard, personal communication). The required 
picometre-scale placement of the membrane is within the stability 
and resolution of cryogenic positioning systems”. According to the 
standard theory of radiation pressure cooling*™, the parameters in 
Table 1 should allow laser cooling to the membrane’s ground state 
(n<0.1) using Pj, as low as 0.1 nW, Experiments with higher-F 
mirrors and cryogenic pre-cooling are under way in our laboratory. 

‘The new type of optomechanical coupling that we have developed 
resolves a number of the outstanding technical issues faced by pre- 
vious approaches. It offers the new feature of allowing a sensitive 


Q Ttk) F Pal) mpg) @n/2n(H2) te Xo(pm) i) (ms) 5 
12x10" 03 3x 10° 10 50 0.999 05 532 03 1.0 
12x10” 03 6x10° 1 50 0.9999 05 532 03 4.0 


‘Two sets of experimental parameters that would allow observation of an individual quantum juma from the membrane's ground state to its first excited state 
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2?-measurement which should make it possible to measure the 
quantum jumps of micrometre-scale mechanical oscillators. This 
approach should make it straightforward to couple multiple mech- 
anical devices to a single cavity mode. Stacking multiple chips like the 
one in Fig. 1c would give a self-aligned array of membranes which 
could be placed inside a cavity. Such a complex optomechanical 
system would be particularly interesting for studying entanglement 
between the membranes‘ or using one membrane to provide a 
quantum non-demolition readout of another. 


METHODS SUMMARY 

‘The optical cavity is formed between two commercial mirrors rigidly attached to 
an Invar spacer. The SiN membrane is mounted inside thecavity on astage which 
allows us to adjust in situ the membrane’s tilt relative to the cavity axis and its 
position along the cavity axis. The stage also includes a piezoelectric element 
which allows us to excite the lowest several vibrational modes of the membrane. 

‘The cavity is illuminated by a continuous-wave Nd:YAG laser. The beam path 
includes an acousto-optic modulator (AOM) which is used to chop the laser 
beam in order to perform the cavity ringdown measurements in Fig. 2a, 

To measure Q the membrane’s lowest vibrational mode mode was excited by 
‘means of the piezoelectric drive. The drive was then abruptly switched off and the 
membrane’s ringdown was monitored, as shown in Fig. 2c. For these measure- 
ments we used alaser with 4 = 1,550nm, At this wavelength, F~ 1, ensuring that 
the laser light does not affect the membrane’s mechanical properties, 
Measurements of Q at cryogenic temperatures were carried out in « 7He refti- 
gerator using a fibre-optic interferometer and 4 = 1,550nm laser light. 

‘The calibration of the brownian motion signals in Fig. 3 is somewhat more 
complicated than for optomechanical systems using the ‘usual’ geometry. Thisis 
because the cavity detuning (shown in Fig 1e) depends on the membrane 
reflectivity as well as its position relative to a node in the optical field. Our 
calibration procedure involves measuring the photodiode signal produced by 
a frequency modulation of the laser (equivalent to modulation of the cavity 
detuning or modulation of the membrane displacement) and then calibrating 
the cavity detuning in termsof themembrane displacement. This requires several 
intermediate steps described in the online Methods. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Multi-membrane hydrogels 


Sébastien Ladet!, Laurent David! & Alain Domard! 


Polysaccharide-based hydrogels are useful for numerous applica- 
tions, from food! and cosmetic processing to drug delivery and 
tissue engineering”, The formation of hydrogels from polyelectro- 
Iyte solutions is complex, involving a variety of molecular interac- 
tions. The physical gelation of polysaccharides can be achieved by 
balancing solvophobic and solvophilic interactions’. Polymer 
chain reorganization can be obtained by solvent exchange, one of 
the processing routes forming a simple hydrogel assembly. Never- 
theless, many studies on hydrogel formation are empirical with a 
limited understanding of the mechanisms involved, delaying the 
processing of more complex structures. Here we use a multi-step 
interrupted gelation process in controlled physico-chemical condi- 
tions to generate complex hydrogels with multi-membrane ‘onion- 
like? architectures. Our approach greatly simplifies the processing 
of gels with complex shapes and a multi-membrane organization. 
In contrast with existing assemblies described in the literature, our 
method allows the formation of free ‘inter-membrane’ spaces well 
suited for cell or drug introduction. These architectures, potentially 
useful in biomedical applications, open interesting perspectives 
by taking advantage of tailor-made three-dimensional multi- 
membrane tubular or spherical structures. 

Here we report on the processing of multi-membrane structured 
materials (Fig. 1) based on physical hydrogels of amphiphilic poly- 
mers obtained without external cross-linker. We have applied the 
approach to chitosan and alginate, but it could be generalized to 
numerous amphiphilic polyelectrolyte polymers. We mainly focused 
our work on chitosan, well known to be biodegradable’, bioactive® 
and biocompatible’. Chitosan is an amphiphilic natural co-polymer 
in which the relative proportion of acetylated and de-acetylated resi- 
dues playsan important role in the balance between hydrophilic and 
hydrophobic interactions", In addition, chitosan is haemostatic! 
fungi- and bacterio-static'® and is known to be important in cell 
proliferation and tissue regeneration“. For the processing of 
physical hydrogels made only of chitosan and a solvent, we pre- 
viously proposed methods based on a simple hydrogel assembly". 
Knowledge of the gelation mechanism, including physico- itil 
events involved during gelation and the molecular organization at 
various levels, was essential to understand the formation of our 
multi-membrane ‘onion-like’ structures. This gelation process is 
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Figure 1| Multi-membrane hydrogels. a, Schematic diagram of the multi- 
membrane onion-like structures; b, multi-membrane biomaterial with 
‘onion-like’ structure based on chitosan. 


applicable to a variety of other amphiphilic polymers, especially 
natural polyelectrolytes such as alginates or hyaluronic acid. 

An alcohol gel is easily formed froma chitosan solution in a 50/50 
water/1,2-propanediol mixture by water evaporation at 55 °C. This is 
not limited to propanediol and has been performed with several 
other alcohols!3, A key parameter for the gelation is to keep the initial 
polymer concentration above the critical concentration for chain 
entanglements. When water is almost fully removed, a gel is formed. 
Neutralization in asodium hydroxide solution and subsequent wash- 
ings in water yield a physical hydrogel that contains only water (over 
95 wt%) and chitosan in the free amine form. Although evaporation 
induces a decrease in the charge density of the polymer chains, when 
gelation is fully achieved almost 40% NH;* groups are still present? 
and have to be neutralized to favour inter-chain interactions allowing 
the formation of a stable hydrogel. Indeed, an alcohol gel in contact 
with water before neutralization rapidly converts into a hydro- 
alcoholic solution. Therefore we investigated the neutralization step 
using different concentrations of aqueous solutions of NaOH. 

Figure 2a illustrates the macroscopic shrinkage of the hydrogel 
during neutralization and reveals that an increase in the concentration 


- 


4 
2yaox (mol FH) 


Figure 2 Parameters influencing the polymer mass fraction of physical 
gels based on chitosan. a, Variation of hydrogel shrinkage during 
neutralization as a function of the concentration of sodium hydroxide, The 
initial polymer concentration in the non-neutralized alcohol gel is constant 
and dose to 4.5wt% in each case. b, Evolution of the chitosan mass fraction 
in the gel (Wey) at different steps of the hydrogel neutralization as a 
function of the NaOH concentration in the neutralization bath, Error bars 
represent +1 standard deviation. 
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of the neutralizing agent favours the gel depletion. Chitosan mass 
fractions in the hydrogels (Wo) after neutralization for an initial 
alcohol gel with Wop ~ 4.5 wt% are shown in Fig. 2b. The neutra- 
lization of NH" sites into NH led to the disappearance of ionic 
repulsions between polymer chains so that physical cross-links cor- 
responding to hydrogen bonding, hydrophobic interactionsand crys- 
tallite formation were favoured. Volume changes in gels can also be 
driven by inter-chain interactions!” and by pH variations for syn- 
thetic polyelectrolyte gds'*, 

As previously discussed, this result can be interpreted by consider- 
ing different contributions such as the change in the electrostatic 
potential during the neutralization inducing the formation of physical 
crosslinks, and ionic strength effects. The concentration of the neutra- 
lization agent (Cyyoy) also determines the kinetics of neutralization, 
At high Cysor chains are rapidly and completely neutralized, and 
their condensation is maximum, leading to gels with a high physical 
cross-linking density. In contrast, for low Gyaon, water diffusion 
within the alcohol gel must be considered, because it contributes to 
disturb hydrophobic interactions, influencing the final density of 
physical cross-links and thus Woy of the neutralized hydrogel. 
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Moreover, the presence of salts in a non-neutralized polyelectrolyte 
gel induces a screening of the electrostatic repulsions between polymer 
chains and should therefore favour physical junctions inside the gd. 
Additionally, thesalting out effect in amphiphilic polymer gels™ could 
be considered. This effect corresponds to a displacement of water in 
the gel to form strongly hydrated ions (small electrolytes in solution), 
thus contributing to dehydrate polymer chains and increase hydro- 
phobic inter-chain interactions, and increasing the density of cross- 
linking in the neutralized hydrogel. Nevertheless, the neutralization of 
analcohol gel in a solution containing 1 M NaOH and 5 M NaCl only 
results in a slight increase (0.91%) in Woy compared with the value 
obtained for an alcohol gel neutralized in the same conditions without 
NaCl. To summarize, different salt effects occur during neutralization 
but their contributions to the shrinkage of the gel are small compared 
with pure neutralization effects. The neutralization step seems com- 
plex, with several different phenomena acting simultaneously. 

We used this mechanism of neutralization to generate multi- 
membrane onion-like architectures. As discussed above, the modi- 
fication of the balance between hydrophobic and hydrophilic 
interactions induces a contraction of the neutralized gel (Fig. 3a-c), 
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Figure 3 | Schematic representation of neutralization of a polyelectrolyte 
alcohol gel and derived methodology for building a multi-membrane 
structure. a, Non-neutralized alcohol gel introduced into the neutralization 
bath. b, Chain condensation and shrinkage of the alcohol gel with the 
disappearance of ionic repulsions during the neutralization step. ¢, Fully 
neutralized shrunk hydrogel after a classical neutralization step. 

d, Formation of the interphase solution and collapse of the polymer chains 
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onto the neutralized shrunk gel during the interruption of the neutralization 
step. e, Inter-membrane space formation after complete condensation of the 
residual polymer chainsin the interphase solution. At the end of the process, 
the multi-membrane system was thoroughly washed in distilled water to 
eliminate the excess of NaOH, the salts formed during neutralization and the 
alcohol, f, Overview of the multi-step neutralization process. 
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but to form separate gel membranes, an interphase that was less 
concentrated in polymer had to be generated between the neutralized 
and the alcohol gels (Fig. 3d). Control of the degree of entanglement 
across this interphase was essential to control the formation of sepa- 
rate membranes in the final structure (Fig. 3e). This, in turn, was 
determined by the kinetics of several phenomena occurring near the 
neutralization front, such as water diffusion within the alcohol gel. 
Indeed, going back to the gelation process, the sol-gel transition 
occurred after a complete water evaporation of a water/alcohol solu- 
tion of chitosan. This transition is reversible after rehydration of the 
alcohol gel. As a result, during neutralization, if the water diffusion 
kinetics was fast enough in comparison with the neutralization 
kinetics, a thick interfacial solution could be formed in which the 
polymer hydration and mobility were high enough to allow dis- 
entanglement of the polymer chains and then their condensation 
onto the neutralized gel (Fig. 3d to e). In contrast, when the kinetics 
of neutralization was faster, a continuous entangled network existed 
between the alcohol and neutralized gels (Fig, 3c), without any 
possibility of forming a membrane and therefore a multi-membrane 
organization, The formation of inter-membrane spaces could be 
promoted by slowing down the neutralization simply by removing 
the gel from the neutralization bath or by washing with water. As 
discussed above, this resulted in (i) the formation of a water/alcohol 
solution between the neutralized and the alcohol gels, (ii) the dis- 
entanglement of chains located within the interphase, and (iii) con- 
densation and contraction onto the neutralized gel. 

The sequence including the neutralization and interruption 
steps could be repeated several times (Fig. 3f), for example 20 times, 
for a macroscopic gel of a few cubic centimetres, to build a multi- 
membrane onion-like structure composed of non-adherent and then 
fully independent gel membranes. The membranes were progres- 
sively formed from the periphery of the initial alcohol gel inwards, 
so it was possible to structure the gels fully into a succession of 
membranes, or to combine a continuous gel in the core (Fig. 1b) 
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Figure 4 | Versatility of the multi-membrane architecture process. 

a, Multi-membrane tubular architecture, resembling a blood vessel. 

b, Microscopic multi-membrane capsule. ¢, Macroscopic multi-membrane 
architecture based on alginate hydrogel 
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with a multi-membrane region at the periphery. Moreover, depend- 
ing on the initial shape of the alcohol gel, which was easy to mould, 
various geometries of multi-membranes such as spherical, ovoid, 
cubic or tubular shapes (Fig. 4a) were possible, with a broad range 
of sizes (Fig. 4b). We varied the conditions of membrane formation 
by varying the initial polymer concentration in the alcohol gel, and 
the concentration and the nature of the neutralizing agent. Chitosan 
membrane formation occurred with NaOH (pK, = 14), ethanola- 
mine (pK, =9.51) or ethylamine (pK, = 10.81) in specific condi- 
tions but was not observed with aqueous ammonia (pK, = 9.25), 
for any concentration of the base ranging from 1 to 7 M and polymer 
concentration of the (1,2-propanediol) alcohol gel ranging from 2 to 
6 wt%. These neutralization experiments led to gels with different 
polymer fractions ranging from 4.7 to 12.8 wt% (Supplementary 
Table 1) with an initial alcohol gel of 4.5 wt%, but with no direct 
relationship with the capacity to form membranes. 

In contrast, the viscosity of the base/water/alcohol mixture was 
found to be closely related to the membrane formation (Supplemen- 
tary Fig. 5). The viscosity of bases in water/1,2-propanediol mixtures 
was significantly larger than in water (Supplementary Fig. 5b and 
Supplementary Table 1), except in the case of aqueous ammonia 
for which the increase was very weak. For NaOH and NH,OH, this 
trend was measured either as a function of the concentration of the 
base in a 50/50 mixture (by weight) (Supplementary Fig. 5a), or asa 
function of the 1,2-propanediol fraction at a fixed base concentration 
(Supplementary Fig. 5b). Consequently, the higher viscosity of 
NaOH/water/1,2-propanediol solutions resulted in lower diffusion 
kinetics of the base through the alcohol gel and thus slower neutra- 
lization kinetics, promoting the hydration of the alcohol gel and the 
formation of membranes. Ata microscopic scale, the high viscosity of 
NaOH/water/1,2-propanediol mixtures could be related to specific 
interactions of 1,2-propanediol with the ionic species (‘structure 
making effects’), as reviewed elsewhere”. Similar bridging effects 
have previously been described between polymers and ionicspecies". 
Finally, the role of the alcohol viscosity was confirmed when 1,2- 
propanediol was replaced by glycerol, a more viscous solvent. In 
the latter case, multi-membrane processing became possible even 
with aqueous ammonia. 

We also studied the membrane formation conditions, showing 
that chitosan membranes were only obtained for low initial polymer 
concentration in the alcohol gel (Ci) and low NaOH concentrations 
(Supplementary Fig. 5c), At high concentrations of neutralization 
agent, the neutralizing flux entering the alcohol gel was high and 
the resulting neutralization kinetics fast. At high C,j, the entangled 
network (in the alcohol gel) was dense and the disentanglement 
kinetics too slow, compared with the neutralization kinetics, to form 
membranes. We observed that Cy; appeared to have a weakin fluence 
on the membrane thickness, whereas the latter increased with the 
concentration of NaOH and the root square of the neutralization 
time (Supplementary Figs 6 and 7). This offers a way to control the 
width ofthe membranes and again illustrates the strong influence of 
the diffusion mechanism on the membrane formation. It showed that 
the increase of Cy; only affects the polymer chain mobility and their 
disentanglement, but not the NaOH diffusion within the gel, essen- 
tially governed by the concentration and viscosity of the neutraliza- 
tion bath. 

The concept involved in the multi-step assembly process could 
also be applied to other natural polymers of polyanionic nature. 
We checked this with alginate hydrogels. Alcohol alginate gels were 
easily obtained by evaporation of water/ 1,2-propanediol mixtures, as 
in the case of chitosan alcohol gels, and multi-membrane architec- 
tures were generated by interrupted complex hydrogel assembly in 
CaCl; baths (Fig. 4c). The kinetics of hydrogel assembly played a 
dominant role, as the membrane architecture could only form for 
low concentrations in CaCl, 

To validate the usefulness of our systems as biomaterials, we car- 
ried out chondrocyte culture within multi-membrane onion-like 
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hydrogels of chitosan (Supplementary Fig. 8). Cell aggregates were 
observed in several inter-membrane spaces, showing that cells can be 
introduced and cultured within these new systems for tissue engin- 
ering. Details of a biological study of rabbit chondrocytes cultured 
in our systems will be published elsewhere. 


METHODS SUMMARY 

Sample purification and characterization, We purified and characterized chit- 
cosan fromsquid pens (Mahtani Chitosan, batch 114) as described previously‘, Its 
degree of acetylation was 25 + 0.1%, with a weight-average molecular weight 
‘M,, = 550,000 + 25,000 gmol~!, Sodium alginate (System Bio-Industries, lot 
Satialgine $G800) had a mannuronic/guluronic ratio of 0.5. 

Gelation, After purification, lyophilized chitosan or alginate were ground witha 
cryo-grinder, then dispersed in water. For chitosan, we added a stoichiometric 
amount of hydrochloric acid to neutralize the amino groups. After dissolution, 
we added an equivalent weight of 1,2-propanediol and stirred the mixture at 
room temperature for 1 h before evaporating the solution in a ventilated oven. 
Chitosan multi-membrane structures, After collecting the gel from its mould, 
we placedit in 1 M NaOH for 5 min, then took it out of this medium for 3min 
and carefully removed the excess NaOH from its surface with a filter paper. This 
sequence allowed the formation of both a first membrane and a first inter- 
membrane space, and could be repeated to produce several membranes and 
inter-membrane spaces. The ‘onion’ was then washed extensively in water to 
eliminate the alcohol and NaOH. 

Alginate-based multi-membrane systems. After evaporation, the gel was at a 
concentration of 2%. We treated it alternately in a coagulation bath of 0.3M 
‘CaQ), then in a water bath, for 5 min each. 

Viscometry. We carried out viscometry at 25°C with an automatic capillary 
viscometer (Viscologic TI, SEMATech). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature, 
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Near-isothermal conditions in the middle and lower 
crust induced by melt migration 


Gabriela V. Depine', Christopher L. Andronicos' & Jason Phipps-Morgan’ 


The thermal structure of the crust strongly influences deforma- 
tion, metamorphism and plutonism'~. Models for the geothermal 
gradient in stable crust predict a steady increase of temperature 
with depth. This thermal structure, however, is incompatible 
with observations from high-temperature metamorphic terranes 
exhumed in orogens'***, Global compilations’ of peak conditions 
in high-temperature metamorphic terranes define relatively nar- 
row ranges of peak temperatures over a wide range in pressure, for 
both isothermal decompression and isobaric cooling paths. Here 
we develop simple one-dimensional thermal models that include 
the effects of melt migration. These models show that long-lived 
plutonism results in a quasi-steady-state geotherm with a rapid 
temperature increase in the upper crust and nearly isothermal 
conditions in the middle and lower crust. The models also predict 
that the upward advection of heat by melt generates granulite 
facies metamorphism, and widespread andalusite-sillimanite 
metamorphism in the upper crust. Once the quasi-steady-state 
thermal profile is reached, the middle and lower crust are greatly 
weakened due to high temperatures and anatectic conditions, thus 
setting the stage for gravitational collapse®, exhumation and 
isothermal decompression after the onset of plutonism. Near-iso- 
thermal conditions in the middle and lower crust result from the 
thermal buffering effect of dehydration melting reactions that, in 
part, control the shape of the geotherm. 

Pressure-temperature estimates in andalusite-sillimanite 
metamorphic belts and middle crustal granulite terranes predict 
unreasonably hot geothermal gradients if one assumes a purely con- 
ductive geotherm, steadily increasing with depth (Fig. 1d). Here, we 
demonstrate the shape of a more realistic geotherm in crust that is 
undergoing extensive partial melting and high-temperature meta- 
morphism, The abundance of plutons and batholiths associated with 
migmatites and granulites in these terranes suggest that heat trans- 
port by pervasive flow of magma through the crust helps to shape 
the metamorphic geotherm (refs 2, 6, 9 and references therein). 
Decompression melting caused by post-thickening crustal extension 
has often been used to explain the low-pressure, high-temperature 
metamorphism found in some of these terranes’. In contrast, field 
studies of terranes with isobaric cooling pressure-temperature paths 
demonstrate that migmatite formation, granulites, and plutonism 
formed before exhumation and uplift'®. Concentration of radioactive 
elements during crustal thickening can, given enough time, cause 
melting of mica-rich lithologies". However, additional heat sources 
are required to induce large degrees of anatexis in amphibolite bulk 
compositions**—the likely crustal protolith of calc-alkaline plu- 
tonic suites", Mechanisms that have been proposed to increase 
the mantle heat flux in granulite terranes include: mantle plume 
activity'"'; post-thickening extensional collapse and/or erosional 
thinning’; pre-thickening extension®; lower crustal delamination'*; 
or subduction of an active spreading ridge’”. 


Here we model the thermal structure of thickened crust under- 
going partial melting, which results in a melt-transport-elevated 
geotherm that fits many observed features of granulite—migmatite 
terranes. The results are applicable to continental arcs and collisional 
orogens. These models place constraints on the heat flux across the 
ulite metamorphism and anatexisin the absence of changes in crustal 
thickness due to erosion, crustal thickening, extension or addition of 
mantle derived melts to the crust. The models do not depend on 
crustal rheology; melt transport mechanism or the detailed nature 
of deformation. We focus on crustally derived magmas without the 
inclusion of melts or fluids that may be introduced by subduction 
zone processes. Although these processes are important, we choose to 
keep our models as simple as possible to emphasize the interaction 
between melt migration, melting in the crust, and upward heat 
transport across the Moho, The shape of the melt-enhanced 
geotherm is found to depend strongly upon the shape of the solidus 
curve for a specific composition, because equilibrium melting reac- 
tions buffer temperature until exhaustion of one (or more) of the 
melting phases. The models assume the presence of a fluid-absent 
amphibolite middle and lower crust (Fig. 1)’”. If we assumed mica- 
rich lithologies or fluid-present compositions, melting would occur 
at lower temperatures. 

Our models are constrained in particular by observations from the 
central gneiss complex (CGC) of western British Columbia*'**', The 
CGC is characterized by an amphibolitic lower crust**", with wide- 
spread migmatitic gneiss and granulite intruded by calc-alkaline plu- 
tons® that were emplaced at middle crustal levels (~10-25 km deep), 
and which represent two magmatic pulses related to distinct tectonic 
episodes between 85-65 and 60-52 million years (Myr) ago’*. During 
the first event plutons were emplaced, during transpressional to con- 
vergent tectonics associated with thickening of the crust, to at least 
55km. Both events are characterized by high-grade metamorphism 
and widespread migmatites. However, the second event is characte- 
rized by an additional magmatic flare-up of voluminous igneous 
plutons” that intruded during ongoing regional granulite-facies 
metamorphism”’. Large-scale crustal extension dominated tectonics 
during the magmatic flare-up, so that rocks followed a ‘dockwise’ 
isothermal pressure-temperature-time path’. 

The one-dimensional numerical models generate predicted crustal 
thermal profiles for varying crustal melt fluxes and heat conduction 
across the Moho. Each simulation assumes that heat transfer is by 
conduction and by melt transport. The models solve the following 
advection-diffusion-melting equation: 


pcpiTlat + pe WOTIdy= Ke Tldy + pH(y) — pAHOF/ét 


Model parameters are listed in Table 1. Boundary conditions are 
surface T= 0°C and basal T = 1,250 °C. The maximum depth of the 
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Figure 1| One-dimensional numerical models showing evolution of 
predicted crustal geotherms through time as a function of mantleheat flux, 
melt focusing, and lower crustal solidus relations. Bold lines represent 
geotherms every 3 Myr, starting at the initial steadily-increasing with depth 
geotherm perturbed at 55km with a temperature of 1,250°C. The thin 
dashed lines represent the solidus curve in ad and other metamorphic 
reactionsin d. Dots represent pressure—temperature estimates of worldwide 
granulites corrected for retrograde exchange’. Three examples are shown 
(a). a, A model for a high mantle heat flux of 120 mW m7? and 
amphibolite dehydration melting curve. The quasi-steady state is reached. 
after 37.7 Myr. b, A model induding melt focusing by a factor of two with a 
mantle heat flux of 47.5 mWm~; the quasi-steady state is reached after 
25.5Myr. ¢, A model using the hornblende + quartz * plagioclase 
dehydration melting curve as the solidus for the crust. In this case focusing 
of the melt by a factor of two with a mantle heat flux of 65 mW m~*is also 


profile is varied to simulate different long-term basal mantle heat 
fluxes. Therefore, geotherms have a simple physical meaning from 
the top of the profile to the Moho; but below the Moho, the curve is a 
gradient representing specific mantle heat fluxes across the Moho 
that does not reflect the shape of the convective mantle geotherm. 


Table 1 | Constants and values used in models 


K Thermal diffusivity 7.91 x10" m?s* 

p Density 2,700 kgm~* 

op Heat capacity 1,170 Jkg" "C7? (ref. 19) 

AH Latent heat 320Kkg ? 

w Velocity of flow Function of melt fraction OF /@t 
H Radioactive heat production H=He 1/299 (ref, 34) 

T Temperature 

t Time 

y Depth 


(H.=3.4 x10" W kg calculated for 80 Myr ago) 


0 200 400 600 800 1,000 


Temperature (°C) 


required for the ‘hot’ threshold geotherm, The quasi-steady state is reached 
after 25.7 Myr. We note that this model best fits pressure-temperature 
estimates from worldwide granulite terranes. d, Comparison between 
geotherms predicted from surface heat flow measurements and calculated 
melt-enhanced geotherm from model 1. The grey field includes the general 
region of andalusite-sillimanite type metamorphism??, We note that simply 
conductive geotherms extrapolated from surface heat flow measurements do 
not intersect conditions recorded by most granulites or 
andalusite-sillimanite metamorphic belts. Also plotted are reaction curves 
relevant for granulite facies metamorphism’. And, andalusite; Ky, kyanite 
{Ms, muscovite ;Pl, plagioclase; Qtz, quartz; Kfs, potassic feldspar; Als, 
aluminosilicate; V, vapour; Sil, sillimanite; Hbl, homblende; Opx, 
orthopyroxene; Cpx, clinopyroxene; L, liquid; Grt, garnet. The crosses in the 
lower right-hand corners of each panel show the pressure-temperature 
arbitrary uncertainties of +1 kbar and +50 °C. 


1,200 


The larger the gradient, the higher the mantle heat flux, and the 
sooner the model reaches the steady-state equilibrium. 

The model starts with 55-km-thick crust and a near-surface geo- 
thermal gradient of 35°Ckm™', similar to the surface heat flow 
measured in modern arcs’*. An initial temperature at the crust- 
mantle interface of 1,250°C (Fig. 1) is equivalent to positioning 
the asthenosphere directly at the base of the crust. This could result 
from delamination, asthenospheric upwelling by steepening ofa slab, 
impingement of a mantle plume or initiation of rifting. Our model 
does not depend on which process actually occurs. The outcome is 
rapid cooling of the uppermost mantle until the mantle heat flux 
achieves a quasi-steady-state value determined by the thickness of 
the mantle ‘lid’, which simulates the formation of a dynamically 
maintained layer of mantle lithosphere. Transfer of heat from the 
mantle to the crust triggers melting in the lower crust. The Moho 
evolves from 1,250°C to the crustal solidus temperature, owing to 
thermal-buffering of melting. In amphibolite, melt is assumed to 
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accumulate to a threshold of 10vol.%, at which point the melt 
migrates to 13 km, advecting upward heat in the crust-derived melts. 
‘The crust below 13 km is displaced downwards to replace the ascend- 
ing melt, as a simple mass balance. 

Two end-member scenarios occur, depending on the heat input 
from the mantle (Fig, 1 and 2a), In the first scenario, the depth to the 
1,250°C isotherm (bottom of the model) was chosen to produce a 
mantle heat flux of ~120 mW m “* at the quasi-steady state (Fig. 1a). 
With these conditions, a pluton forms at 13km within 5Myr of 
the tectonic perturbation and starts diffusing heat downward into 
the colder lower crust. After 35 Myr, the model arrives at the quasi- 
steady-state profile. The mantle heat input needed is equivalent to 
that obtained from intruding 0.93km of basalt per Myr for 35 Myr 
(that is, 32.5km of basaltic underplating). This scenario would 
require extraordinarily hot mantle heat fluxes and/or volumes of 
basaltic underplating that are not often found in orogens. 

For a mantle heat inputlower than 120 mW m “°, extensive crustal 
melting does not occur and granulites in the middle crust are not 
generated in realistic geological timescales (<35 Myr, Fig. 2a). To 
generate extensive crustal melting and granulite formation under 
conditions of reduced mantle heat input, we found that focusing of 
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Figure 2 | Comparison between mantle heat fluxes and the time to the 
‘onset of the quasi-steady-state melt-enhanced geotherm. a, Results using 
the amphibolite solidus curve. Each curve represents different melt focusing 
factors. The top curve has no melt focusing and represents the first end- 
member discussed in the text, where extremely high mantle inputs 
(<120mW m ) are required. The following curves represent the second 
case scenario discussed in the text, in which melt focusingleads to geotherms 
that match pressure-temperature estimates from the lower-temperature end 
of granulite terranes, b, Results using the hornblende + quartz + plagioclase 
melting curve, which matches pressure-temperature estimates from many 
granulite terranes. In this case higher mantle heat fluxes are required as well 
as a longer time span (minimum 20 Myr) to generate the melt-enhanced 
geotherm, As seen in Fig, Ic, these conditions better match 
pressure—temperature data from granulite terranes, 
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crustal melt into the column is needed to produce partial melting and 
high-temperature metamorphism, which results in our second end- 
member scenario. To simulate melt focusing, more melt is migrated 
from the model base to accumulate in a mid-crustal pluton than is 
generated in the one-dimensional crustal column, This is equivalent 
to bringing melt laterally from adjacent regions at the base of the 
crust. For common mantle heat fluxes in orogens (<100mW m~*) 
and geologically reasonable time spans (<35 Myr), we found that 
melt must be focused by a factor of at least 1.3 (Fig. 2a). As an 
example, if melt is focused by a factor of two, a quasi-steady state 
is predicted to occur after 25.5Myr for a mantle heat flux of 
47.5mWm * (Fig. 1b). Therefore, melt focusing can greatly lower 
the requirement of a high heat flux across the Moho (Fig. 2a), indi- 
cating that this scenario is geologically more permissive. 

‘The results of these models reproduce geotherms that pass at the 
lower temperature end of pressure—temperature data compiled from 
many granulite terranes (Fig. 1). This is probably due to the limita- 
tions of our models, which assume melting is continuous in a fixed 
composition and that no phases are exhausted. In nature, melting 
would change mineral composition and exhaust one or more phases 
in the rocks, incrementally changing the solidus to higher tempera- 
tures, which would relax the constraint of thermal buffering during 
melting. In Fig. 1c, we investigate melting of hornblende + quartz + 
plagioclase, which occurs at higher temperature than the amphibolite 
solidus in Fig, 1d, Pressure-temperature estimates from natural 
(Eig. 1c) granulite terranes overlap this geotherm, but some record 
temperatures up to 200°C hatter. This geotherm requires focusing of 
melt bya factor of 1.5 (Fig. 2b). For example, a minimum mantleheat 
flux of 65 mW m“~ is required when focusing by a factor of 2. The 
time to get to the quasi-steady-state geotherm using this solidus 
curve takes longer (>20 Myr) than when using the amphibolite soli- 
dus curve (>15 Myr, compare Fig. 2a with Fig. 2b). Clearly granulite 
terranes that record these conditions have undergone extraordinary 
processes to result in such high crustal temperatures. 

A possible mechanism for mdlt focusing is crustal flow'*?*2374, 
Many tectonic environments are thought to result in melt focusing, 
including spreading at mid-ocean ridges”, continental arcs'*, exten- 
sional tectonic settings’*, mantle plumes”, and transpressive fault 
zones”. Strike-slip shear zones can also act as corridors for melt 
focusing in ductile environments". Orogen parallel transport is a 
common feature in modern convergent margins, where 31% of con- 
vergent margins have oblique convergence sufficient to generate 
transcurrent displacements”, Our thermal modelling can also cap- 
ture the thermal effects of focused additions of basaltic magmas into a 
batholith, where the amount of focusing would reflect the ratio of 
basalt to calc-alkaline melts into the batholith. For simplicity, we 
have assumed that no basalt is added. 

‘The models show that the thermal evolution in granulite crustal 
environments was profoundly shaped by melt migration and pluton 
construction. These results are similar to those from previous studies 
that concluded that partial melting in the crust and granulite facies 
metamorphism requires elevated mantle heat fluxes and pervasive 
melt migration through the crust”, Our models highlight the 
important roles of heat transport by melt migration, and of thermal 
buffering by crustal anatexis, as originally suggested by studies of 
metamorphism in the Himalaya”, and modelled by Stiiwe"'. 
Extreme conditions in large hot orogens typified by granulite facies 
metamorphism, low-pressure high-temperature metamorphic belts 
and calc-alkaline batholiths are therefore likely to result from large 
fluxes of magma through the crustal column. 

The processes of basaltic underplating, asthenospheric impinge- 
ment and melt focusingremain crypticin the geologic record, yet our 
models imply they may be common in orogenic settings, ashas been 
inferred from numerous studies of high temperature metamorphic 
terranes"*"°*, The models show the predicted shape of the resultant 
geotherms, which have the following implications for metamorphic 
and tectonic process. The quasi-steady state profiles (Fig. 1d) have 
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very steep surface geothermal gradients of more than 50°Ckm™', 
consistent with the generation of andalusite-sillimanite meta- 
morphic terranes and also consistent with observations of peak 
conditions in many contact aureoles”. Melt migration and pluton 
construction cause the entire middle and lower crust to reach tem- 
peratures of ~800 °C and the lowest 12km of thecrust to be partially 
molten. These conditions are similar to those estimated for many 
high-grade metamorphic terranes™”. 

Our models show that linear extrapolation of geothermal gradi- 
ents is only applicable to the upper portions of the crust in active 
tectonic settings and that the middle and lower crust experience near- 
isothermal conditions buffered by the melting temperatures of the 
crustal rocks, Melt-laden middle and lower crust produce conditions 
that favour orogenic instability, and may be necessary preconditions 
for late orogenic extensional collapse and/or lower crustal flow. For 
terranes where collapse occurs, exhumation would follow the pres- 
sure peak and be nearly isothermal because the entire middle and 
lower crust is hot. Thus exceptionally fast echumation rates are not 
necessary for nearly isothermal decompression. Slowly exhumed 
orogens that stay at high temperatures for long time periods (more 
than tens of millions of years)** can also be explained by exhumation 
along a quasi-steady-state melt-enhanced geotherm. For terranes 
that do not collapse, isobaric heating and cooling paths would be 
followed. 
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High-amplitude fluctuations and alternative 
dynamical states of midges in Lake Myvatn 


Anthony R. Ives’, Arni Einarsson’, Vincent A. A. Jansen* & Arnthor Gardarsson” 


Complex dynamics are often shown by simple ecological models'* 
and have been clearly demonstrated in laboratory** and natural 
systems*”, Yet many classes of theoretically possible dynamics are 
still poorly documented in nature. Here we study long-term 
time-series data of a midge, Tanytarsus gracilentus (Diptera: 
Chironomidae), in Lake Myvatn, Iceland. The midge undergoes 
density fluctuations of almost six orders of magnitude. Rather 
than regular cycles, however, these fluctuations have irregular 
periods of 4-7 years, indicating complex dynamics. We fit three 
consumer-resource models capable of qualitatively distinct 
dynamics to the data, Of these, the best-fitting model shows 
alternative dynamical states in the absence of environmental vari- 
ability; depending on the initial midge densities, the model shows 
either fluctuations around a fixed point or high-amplitude cycles. 
This explains the observed complex population dynamics: high- 
amplitude but irregular fluctuations occur because stochastic 
variability causes the dynamics to switch between domains of 
attraction to the alternative states. In the model, the amplitude 
of fluctuations depends strongly on minute resource subsidies into 
the midge habitat. These resource subsidies may be sensitive to 
human-caused changes in the hydrology of the lake, with human 
impacts such as dredging leading to higher-amplitude fluctua- 
tions. Tanytarsus gracilentus is a key component of the Myvatn 
ecosystem, representing two-thirds of the secondary productivity 
of the lake'® and providing vital food resources to fish and to 
breeding bird populations". Therefore the high-amplitude, 
irregular fluctuations in midge densities generated by alternative 
dynamical states dominate much of the ecology of the lake. 

Although the possibility of alternative states in ecological systems 
has been recognized for several decades", only recently have good 
empirical examples been established®™*, The most familiar type of 
alternative states is alternative stable states in which a system has two 
(or more) stable equilibria, with the system settling to one or the 
other depending on initial conditions’”. Alternative stable states lead 
to the possibility that a system may be shifted from one state to 
another, less favourable, state by a sudden shock or other distur- 
bance, with unfortunate ecological consequences. Once trapped in 
the new state, undoing the disturbance will not return the system to 
its original (desirable) state, because the system will remain trapped 
in the domain of attraction of its new state. 

Alternative states, however, need not be stable equilibrium points; 
they may instead be dynamical structures such as cycles! Here we 
investigate the possibility of alternative dynamical states, in which 
one state is an equilibrium point and the other is a high-amplitude 
stable cycle. Data on the long-term dynamics of the midge Tanytarsus 
gracilentus suggest these alternative states, because they show high- 
amplitude fluctuations that are not regularly periodic. In most 
populations in nature and in most simple models, if high-amplitude 


fluctuations occur, they occur as fairly regular cycles, with the strong 
ecological forces that drive the high amplitudes also entraining the 
dynamics into a stable limit cycle”. 

Tanytarsus gracilentus is the dominant herbivore/detritivore in 
Myvatn, comprising roughly 75% of the secondary consumers and 
66% of secondary production in this shallow, naturally eutrophic 
lake in northern Iceland’, As larvae, T. gracilentus individuals feed 
from tubes they construct in the benthic sediment, grazing on both 
benthic diatoms (algae) and detritus consisting largely of dead 
benthic and planktonic algae, and midge frass. They have two non- 
overlapping generations per year, with adults forming large swarms 
around the perimeter of the lake over two 1-2-week mating periods, 
the first in May and the second in July and early August. In genera- 
tions with high midge abundance, larvae are limited by food, and 
adult size decreases for several generations before the population 
crashes. Detailed statistical evaluation of data on population density, 
body size and predator abundance suggests that fluctuations in 
T. gracilentus populations are driven by consumer—tesoutce inter- 
actions, with midges being the consumers and algae/detritus the 
resources, as opposed to predator-prey interactions with midges 
being the prey’. 

We have collected data on the abundance of adult midges since 
1977 by using window traps at two locations on the shore of the 
lake’*. We have fitted these data to a model constructed to describe 
the fundamental interactions among midges, algae and detritus (Box 
1). In the model, the midge population growth is dependent on 
density and is limited by the availability of food. Food consists of 
algae and detritus, which may differ in quality for midges. Algae have 
density-dependent growth, and detritus is formed from dead algae. 
In the model, midge populations are allowed to reach densities at 
which all algae are consumed, at which point the midge population 
crashes, with the rate of crash being moderated by the presence of 
detritus, which serves as an alternative food source. A feature crucial 
to the model is that if all algae are consumed, algal populations can 
recover through the input of small subsidies from outside the midge- 
algae—detritus system. These subsidies represent small influxes of 
algae and detritus into the muddy midge habitat from hard-bottom 
areas where midges are few. Although we have no direct measure- 
ment of this input, much of the algae and detritus in the lake occurs 
in areas inaccessible to midge larvae, and the hydrological mixing of 
the shallow lake?” makes influxes of small amounts of this material 
into the midge habitat a certainty. We added environmental 
stochasticity to the model as random variation in per capita changes 
in abundances of midges, algae and detritus. Finally, we fitted the 
data by using a state-space version of the model* to incorporate the 
measurement error that we knew to be significant (Supplementary 
Methods). Predictions by the fitted model about changes in log 
(midge populations) from one generation to the next explain 74% 


‘Department of Zoology, University of Wiscorsin-Madison, Madison, Wisconsin 53706, USA. “Myvatn Research Station and Institute of Biology, University of Iceland, Sturlugata 7, 
15-101 Reykjavik, Iceland. “School of Biclogical Sciences, Royal Holloway, University of London, Egham, Surrey TW20 OEX, UK. 
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Box 1| The midge-algae-detritus model and alternatives 


We constructed a midge—algae—detritus model to give a basic 
description of their interactions, attempting to have a minimum 
number of parameters that must be estimated from the data. The 
midge dynamics are 


xt) =nx(®) (4 0) “gat () 


where x(t) is the abundance of midges in generation t, ris the intrinsic 
population growth rate, larger values of q produce stronger density 
dependence, and 2(t) is a normal random variable representing 
stochastic environmental variability. The dimensionless measure of 
resource abundance in generation t, R(t) = y(t) + pz(t), is composed of 
algae, y(t), and detritus, 2(¢), with the parameter p giving the quality of 
detritus for midge population growth relative to algae, Because we were 
interested in dynamics rather than mean abundance, we ‘non- 
dimensionalized’ midge densities to produce equation (1) and used a 
separate scaling parameter K when fittingthe model so that the observed 
log(adult midge density) equalled K + log(x(t)) (Supplementary 
Methods). Furthermore, the data showed a distinct seasonal pattern in 
which spring generations had mean densities 3.4 times higher than 
summer densities. This might reflect either true differences in survival 
and/or fecundity between generations or sampling bias due to 
differences in weather conditions and hence flight activity and 
catchability. Because we were interested in long-term, multi- 
generational dynamics, we factored out this consistent seasonal pattern 
by multiplying summer midge densities by 3.4 before statistical analyses. 
Algae dynamics are 


vit+1)= [evocene)— Apatite (2) 
where r, is the algae intrinsic population growth rate and c is the influx 
of algae from outside the midge habitat. Because we have no data on 
algae abundance available to midges, y(t) is not observed; therefore, in 
the model the mean value of y(t) need not be included, and y(t) is 
dimensionless. The term [y(t)/R(t)]x(t + 1) is the amount of resource 
consumed, x(t +1), scaled by the proportion of that resource which is, 
algae, y(t)/R(t). Akey feature of algae dynamics is that midge 
populations can build to sufficient abundance to consume all algae. 
When the term for the amount of algae consumed, [y(t)/R(t)]x(t + 1), 


is greater than the amount produced, ray(t)[1+y(t)] |, we assume 
that all algae come from influx, so y(t+ 1) =c. 
The detritus dynamics are 


2th)= [uewr4900- (72) asned eft) (3) 
where d gives the retention rate of detritus in the midge habitat, We 
assume that the influx rate of detritus equals that of algae, and that 
detritus is produced in proportion to the quantity of algae in the 
previous generation, y(t). As with algae, if all detritus in the midge 
habitat is consumed, then z(t + 1) = c, Because both algae and detritus 
were not measured, we assumed for estimation purposes that the 
standard deviations of e2(t) and e3(t) are equal: 2 = 03, 

We compared the midge-algae-detritus model to two additional 


models. The multidimensional Gompertz log-linear model”? is 
Uy(t+1) = by un(t) +br2ua(t) + drauatt) +e) (4) 
ua(t+1) = briun(t) + braualt)+ basuatt) + 22(t) (5) 
Ug (t+1) = bayui(t) +bszua(t) + b33us(t) +23(t) (6) 


where u(t) = log x(t), u(t) = log y(t) and ua(t) = log 2(t). The 
Lotka-Volterra model is 


x(t+1)=nx(t) exp(—d+ bay(t)+brz(t) +a(t) 7) 
y(t+1) =roy(t}exp(1+ bax(t) +baoylt) +bzsz(t)-+22(t)) (8) 
2(t+1) =r32(8) exp(1+ baix(t) + baat) +bssz() +23(t)) (9) 


In equations (7)-(9), three parameters can be removed to non- 
dimensionalize the equations without changing the observed dynamics 
of midges; we therefore set biz = 1 and bi3 = 1 (assuming that midges 
benefit from both resources) and ba = —1 (assuming that midges 
reduce algae abundance). As with the midge-algae-detritus model, 
for both alternative models we fitted the data with a scalingparameter 
K to factor out mean midge density. Fitting of all three models was 
performed with a state-space approach factoring in measurement 
error; see Supplementary Methods for details. 


of the variance in generation-to-generation population fluctuations 
(Fig. 1 and Table 1). 

When stripped of environmental stochasticity, the deterministic 
skeleton of the model shows alternative dynamical states (Fig. 2a). 
There is a relatively high stable point surrounded by a stable cyde of 
very high amplitude. The existence of altemative dynamical states 
pervades the biologically plausible range of parameter values (white 
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Figure 1 | Population dynamics of T. gracilentus in Myvatn. The solid line 
gives the abundance of midges in each generation, averaged between two 
traps. The dashed line gives the predicted ‘true’ (unobserved) abundances 
from the model given by Box 1 equations (1)-(3) with parameter values 
estimated by maximum likelihood: r; = 3.873, m = 11.746, ¢= 10-6, 
d=0.5517, P= 0.06659, q = 0.9026, K = 9.613, ¢, = 0.3491 and 

G2= G3 = 0.7499, 


areas in Fig. 3a), demonstrating that they are a common feature 
caused by the general structure of the model rather than phenomena 
requiring unlikely parameter values. In the fully stochastic model, 
produced by including the level of environmental stochasticity esti- 
mated in the fitted model, the population trajectory skips between 
the domains of attraction of the two alternative states (Supplemen- 
tary Figs 1-9), for some stretches of time fluctuating around the 
stable point and for other stretches showing cycles (Fig. 2b). The 
amplitude of fluctuations is highly sensitive to the rate of influx of 
resources into the system; as the influx of algae and detritus, c, 
decreases from 10”? to 10”, the amplitude increases from less than 
three orders of magnitude to more than ten orders of magnitude 
(Fig. 3b). This occurs because lower subsidies (lower values of c) 
allow midge populations to crash to lower levels before they are saved 
from extinction by the recolonization of algae. The amount of sub- 
sidy needed to save the population is low. The value of cin the model 
fitted to Myvatn data, c= 10~*, implies that inputs are six orders of 
magnitude lower than the abundance of algae at the stable equilib- 
rium point, A full pictorial analysis of the deterministic and stoch- 
astic behaviours of the model is given in Supplementary Figs 1-9. 
Our midge-algae-detritus model is firmly anchored in biology 
and fits the data well. The model displays alternative dynamical states 
and high-amplitude fluctuations over a broad range of parameter 
values governing the influxes of resources into the system (Fig. 3). 
This strongly suggests the existence of alternative dynamical states in 
the real midge system. We obtained further statistical support for 
alternative dynamical states in two ways. First, the model contains 
a parameter, q, that dictates the strength of density dependence 
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Table 1| Goodness-of-fit measures for the midge-algae-detritus and alternative models 


Goodness of fit Mode Description 
Midge-algae-detritus Gompertz Lotka-Volterra 

Number of parameters* 6 9 9 Parameters included in the model deterministic skeleton 

-2 LL 156.2 1747 1855 ~2 X log likelihood function 

Total R* 0.98 0.98 0.97 1 = var E(D/var X(t 

Prediction R? for X(t + 1) 0.74 0.57 0.38 1 = var E(t)/var [X(t + 1) — X(t 

Prediction R? for X(t+ 1) 053 039 0.25 1—var E(i)/var [X(t + 1) — X(t)] 


‘See Supplementary Methods for descriptions of measures, and Box 1 for descriptions of the models. 
* Number of parameters in the model determining the dynamics. There are six additional parameters in each model forthe scaling term K, process variation for midges (and algse/detritus 


), and intial densities for midges, algae and detritus. 


FE) =X(t) -X,(), where X,(t) is the one-step-ahead prediction of log(midge abundance) made by models in Box 1. 


TE(t) =X(t) —K(0, where X(f) is the one-step-ahead prediction of log(midge abundance) after being updated by the observed valve of X(t) to account for measurement error. 


affecting midge growth and reproduction (Box 1). As q decreases and 
density dependence weakens in the model, the stable point is lost, 
leaving only the high-amplitude cycle, For the model fitted to the 
data, the value of q is 0.903, yet the value below which only the high- 
amplitude cycle remains is 0.737 (Supplementary Fig. 1). We refitted 
the model to the data constraining q to be small enough for only 
the high-amplitude cycle to occur, and the fit of the resulting model 
was statistically significantly worse than the fit with q = 0.903 (like- 
lihood ratio test, 7°= 6.34, df = 1, P< 0.012; see Supplementary 
Methods). This represents a conservative test because, even for values 
of q low enough to rule out alternative dynamical states, the stoch- 
astic dynamics nevertheless show many of the same characteristics; 
although the deterministic skeleton of the model does not have 
alternative states, there is a residual ‘ghost’ that is still detected in 
the region surrounding the formerly stable point (Supplementary 
Fig. 9). 

As a second line of statistical support, we fitted the data to two 
additional models and compared the fits with our midge-algae— 
detritus model (Box 1). We selected the additional models to have 
flexibility in fitting the Myvatn midge dynamics and yet to be 


Midge abundance 
o 


101 
0 10 20 30 40 50 
Generations 


Figure 2 | Simulated dynamics of the model given by Box 1 equations 
(1)-@) for 50 generations. a, Dynamics in the absence of environmental 
stochasticity (2,(t) = #:(£) =23(4) = 0).b, Dynamics in the presence of 
environmental stochasticity. In a, two midge population trajectories starting 
from different initial values are illustrated. Parameter values are equal to 
those estimated from the data: r; = 3.873, ry = 11.746, c= 107°, 

d= 0.5517, P= 0.06659, q = 0.9026, K = 9.613; in b, 0, = 0.3491 and 

= 0.7499, 


incapable of producing alterative dynamical states. The first is a 
three-variable Gompertz (logtinear) model. This model has nine 
parameters governing the midge dynamics, in contrast with six in 
the midge-algae—detritus model. Furthermore, we did not constrain 
the sign of the parameters, so the interactions between the three 
variables could be positive or negative. Thus, the three-variable 
Gompertz model represents the most general three-dimensional 
log-linear model possible, yet because it is log-linear it cannot pro- 
duce either stable limit cycles or alternative dynamical states. Our 
second additional model is a two-resource, one-consumer Lotka— 
Volterra model. Like the Gompertz model, it contains nine para- 
meters governing midge dynamics, and these are fitted only with 
constraints to guarantee that midges are consumers of the two 
resource variables, The Lotka—Volterra model can produce stable 
limit cydes, although it cannot have alternative states. Our strategy 
was to select additional models that are overparameterized (nine 
parameters) and thus should have an advantage over the midge— 
algae—detritus model yet cannot produce alternative dynamical 
states. 

Despite the advantages of the additional models, the midge—algae— 
detritus model outperformed both of them (Table 1), giving evidence 
for the plausibility of alternative dynamical states underlying midge 
population dynamics. Further support for our model comes by 
applying it to a shorter data set from another shallow eutrophic lake 
nearby, Lake Vikingavain (Supplementary Methods). The model fits 
well, and the parameter estimates are similar to those from Myvatn, 
with exceptions being explained by characteristics such as lake size. 

A striking biological conclusion from the model is the sensitivity 
of the amplitude of midge fluctuations to very small amounts of 
resource input, c (Fig. 3); the resource input sets the lower boundary 
of midge abundance and hence the severity of population crashes. 
Thus, even though resource input might be six orders of magnitude 
less than the abundance of resources in the lake in most years, this 
vanishingly small source of resources is nevertheless critical in setting 
the depth of the midge population nadir and the subsequent rate of 
recovery, This sensitivity to resource subsidies might explain changes 
in midge dynamics that have apparently occurred over the last dec- 
ades. Although Myvatn has supported a local charr (salmonid) fish- 
ery for centuries”, this fishery collapsed in the 1980s, coincident with 
particularly severe midge population crashes'’, Over the same period, 
waterbird reproduction in Myvatn was also greatly reduced during 
the crash years”. These changes might have been caused by dredging 
in one of the two basins in the lake that started in 1967 to extract 
diatomite from the sediment. Hydrological studies” indicate that 
dredging produces depressions that act as effective traps of organic 
particles, hence reducing algae and detritus inputs to the midge 
habitat. Our model predicts that even a slight reduction in subsidies 
can markedly increase the magnitude of midge fluctuations. Such 
slight environmental changes can then have seriously negative con- 
sequences for fish and bird populations. 

Midges are central to the functioning of Myvatn, not only provid- 
ing food for fish and birds but also representing most of the second- 
ary production in the lake. Our analyses show that the marked, 
complex midge population dynamics can be explained by alternative 
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Figure 3 | Dynamics of the midge-algae-detritus model depending on 
resource input rate, c, and detritus retention, d. a, Alternative dynamical 
states in the deterministic skeleton (black, only a single stable point; 
white, stable point and stable cycle with integer period labelled), 

b, Amplitude of fluctuations in the stochastic model, with lighter shading 


states, with one state a stable point and the other a stable cycle. 
Alternative dynamical states mean that the character of the dynamics 
(relatively constant versus cyclic) may change abruptly yet naturally. 
Moreover, the amplitude of the cycle is highly sensitive to small 
subsidies of resources into the midge habitat that rescue crashing 
midge populations. From a conservation perspective, this represents 
a challenge. Not only are midge dynamics inherently unpredictable, 
they may also be extremely and unexpectedly vulnerable to small 
disturbances to the lake. 
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Mycorrhizal symbioses—the union of roots and soil fungi—are 
universal in terrestrial ecosystems and may have been fundamental 
to land colonization by plants'”. Boreal, temperate and montane 
forests all depend on ectomycorrhizae'. Identification of the prim- 
ary factors that regulate symbiotic development and metabolic 
activity will therefore open the door to understanding the role of 
ectomycorrhizae in plant development and physiology, allowing 
the full ecological significance of this symbiosis to be explored. 
Here we report the genome sequence of the ectomycorrhizal basi- 
diomycete Laccaria bicolor (Fig. 1) and highlight gene sets involved 
in rhizosphere colonization and symbiosis. This 65-megabase gen- 
ome assembly contains ~20,000 predicted protein-encoding genes 
and a very large number of transposons and repeated sequences. 
We detected unexpected genomic features, most notably a battery 
of effector-type small secreted proteins (SSPs) with unknown func- 
tion, several of which are only expressed in symbiotic tissues. The 
most highly expressed $SP accumulatesin the proliferating hyphae 
colonizing the host root. The ectomycorrhizae-specific SSPs prob- 
ably have a decisive role in the establishment of the symbiosis. 
The unexpected observation that the genome of L. bicolor lacks 
carbohydrate-active enzymes involved in degradation of plant cell 
walls, but maintains the ability to degrade non-plant cell wall poly- 
saccharides, reveals the dual saprotrophic and biotrophic lifestyle 
of the mycorrhizal fungus that enables it to grow within both soil 
and living plant roots. The predicted gene inventory of the L. bicolor 
genome, therefore, points to previously unknown mechanisms of 
symbiosis operating in biotrophic mycorrhizal fungi. The availabi- 
lity of this genome provides an unparalleled opportunity to develop 
a deeper understanding of the processes by which symbionts inter- 
act with plants within their ecosystem to perform vital functionsin 
the carbon and nitrogen cycles that are fundamental to sustainable 
plant productivity. 


‘The 65-megabase genome of Laccaria bicolor (Maire) P. D. Orton 
is the largest sequenced fungal genome published so far” (Table 1). 
Although no evidence for large-scale duplications was observed 
within the L. bicolor genome, tandem duplication occurred within 
multigene families (Supplementary Fig. 4). Transposable elements 
comprised a higher proportion (21%) than that identified in the 
other sequenced fungal genomes and may therefore account for 
the relatively large genome of L. bicolor (Supplementary Table 3). 
Approximately 20,000 protein-coding genes were identified by com- 
bined gene predictions (Supplementary Information Section 2). 
Expression of nearly 80% (~16,000) of the predicted genes was 
detected in free-living mycelium, ectomycorrhizal root tips or fruit- 
ing bodies (Supplementary Table 4) using NimbleGen custom- 
oligoarrays (Supplementary Information Section 9). Most genes 
are activated in almost all tissues, whereas other more specialized 
genes are only activated in some specific developmental stages, such 
as the free-living mycelium, ectomycorrhizae or the fruiting body 
(Supplementary Table 5). 

Only 14,464 L. bicolor proteins (70%) showed sequence similarity 
(BLASTX, cut-off e-value >0.001) to documented proteins. Most 
homologues were found in the sequenced basidiomycetes Phanero- 
chaete chrysosporium', Cryptococcus neoformans’, Ustilago maydis® 
and Coprinopsis cinerea’ (Supplementary Table 6). The percentage 
of proteins found in multigene families was related to genome size 
and was the largest in L. bicolor (Fig. 2). This was mainly owing to the 
expansion of protein family size, but was also because of the larger 
number of protein families in L. bicolor compared with the other 
basidiomycetes (Supplementary Table 7). Expansion of protein family 
sizes in L. bicolor was prominent in the lineage-specific multigene 
families. Marked gene family expansions occurred in those genes 
predicted to have roles in protein-protein interactions (for example, 
WD40-domain-containing proteins) and in signal transduction 
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Figure 1| Ectomycorrhizal symbiosis and the localization of the SSP 
MISSP7. a, Fruiting bodies of L. bicolor colonizing seedlings of Douglas fir 
(photograph courtesy of D. Vairelles). b, Laser-scanning confocal 
microscopy image of a transverse section of Pseudotsuga menziesii-L. bicolor 
ectomycorrhizae showing extramatrical mycelium (em), the mantle (m) and 
Hartig net hyphae (hn) between epidermal (ec), tannin (tc) and cortical (cc) 


mechanisms (Supplementary Table 7). Two new classes of GTPase 
genes were found and may be candidates for the complex commun- 
ication that must occur between the mycobiont and its host plant 
during mycorrhizae establishment (Supplementary Table 8). Several 
transcripts coding for expanded and lineage-specific gene families 
were upregulated in symbiotic and fruiting body tissues, suggesting a 
role in tissue differentiation (Supplementary Tables 5 and 9). 

In our analysis of annotated genes, in particular that of paralogous 
gene families, we highlighted processes that may be related to the 
biotrophic and saprotrophic lifestyles of L. bicolor. Twelve predicted 
proteins showed a similarity to known haustoria-expressed secreted 
proteins of the basidiomycetous rusts Uromyces fabae’ and Melam- 
psora lin®, which are involved in pathogenesis (Supplementary Table 
10). Out of the 2,931 proteins predicted to be secreted by L. bicolor, 
most (67%) cannot beascribeda function, and 82% of these predicted 
proteins are specific to L. bicolor. Within this set, we found a large 
number of genes that encode cysteine-rich products that have a pre- 
dicted size of <300amino acids. Of these 278 SSPs, 69% belong to 
multigene families, but only nine groups comprising a total of 33 SSPs 
co-localized in the genome (Supplementary Fig. 5). The structure of 
two of these clusters is shown in Supplementary Fig. 6. Other SSPs are 
scattered all over the genome, and we found no correlation between 
SSP and transposable element genome localization (Supplementary 
Fig. 5). Transcript profiling revealed that the expression of several SSP 
genes is specifically induced in the symbiotic interaction (Table 2and 
Supplementary Fig, 10). Five of the 20 most highly upregulated fungal 


Table 1 | Genome characteristics of L. bicolor and other basidiomycetes 


root cells, Scale, 10 um. ¢-f, Immunofluorescent localization of MISSP7. 
Transverse (c, €) and longitudinal (d, f) sections of P. trichocarpa-L. bicolor 
ectomycorrhizae. MISSP7 was detected in the hyphae of the mantle (m) and 
the Hartig net (hn) ensheathing epidermal cells (ec). Rectangles in d and 

f show the finger-like, labyrinthine hyphal system accumulating a large 
amount of MISSP7. e, f, Phase contrast images. Scale, 10 um. 


transcripts in ectomycorrhizal root tips code forSSPs (Supplementary 
Table 5). These mycorthiza-induced cysteine-rich SSPs (MISSPs) 
belong to L. bicolor-specific orphan gene families. Within the 
MISSPs, we found a family of secreted proteins with a CFEM domain 
(INTERPRO IPRO14005) (Supplementary Figs 7 and 8), as previously 
identified in the plant pathogenic fungi M. lini” and Magnaporthea 
grisea'® (Supplementary Table 10), and proteins with a gonadotropin 
(IPR0001545) or snake-toxin-like ($$F57302) domains relatedto the 
cysteine-knot domain. Expression of several SSPs was downregulated 
in ectomycorthizal root tips (cluster E in Supplementary Fig. 10), 
suggesting a complex interplay between these secreted proteins in 
the symbiosis interaction. 

The rich assortment of MISSPs may therefore act as effector pro- 
teins to manipulate host cell signalling or to suppress defence path- 
ways during infection, as suggested for pathogenic rusts*®, smuts* (U. 
maydis) and Phytophthora!" species. To have a role in symbiosis 
development, MISSPs should be expressed in L. bicolor hyphae col- 
onizing the root tips. To test this assertion, we determined the tissue 
distribution of the mycorrhiza-induced cysteine-rich SSP of 7 kDa 
(MISSP7) (JGI identification number 298595) showing the highest 
induction in ectomycorrhizal tips (Table 2 and Supplementary Table 
5). Two peptides, one of which is located in the amino-terminal and the 
other in the carboxy-terminal part of the mature protein, were selected 
as antigens for the production of anti-MISSP7 antibodies. The selected 
peptides were not found in the deduced protein sequences of other L. 
bicolor gene models, nor in the Populus trichocarpa genome, MISSP7 


Genome characteristics LL. bicolor C.cinerea? P.chrysosporium* C. neoformans* U. maydis! 
Strain $238N-H82 Okayama7#130 RP78 H99 521 
Sequencing institution JGi Broad SGI Broad Broad 
Genome assembly (Mb) 64.9 37.5 35.1 19.5 197 
GC content (96) 46.6 51.6 532 48.2 54 
Number of protein-coding genes 20,614 13,544 10,048 7,302 6522 
Coding sequence <300 bp 2,191 838 163 313 58 
Average gene length (bp) 1,533 1,679 1,667 1,828 1,935 
Average coding sequence length (bp) 1,134 1,352 1,366 1,502 1,840 
Average exon length (nt) 210.1 251 232 253 1,051 
Average intron length (nt) 92.7 75 17 66 127 
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Figure 2 | Expansion of protein families in L. bicolor. a, Relationship 
between genome size and the number of protein families. b, Relationship 
between genome size and protein family sizes in five sequenced 
basidiomycetes. Protein sequences predicted from the genome sequences of 
L. bicolor, C. cinerea, P. chrysosporium, C. neoformans and U. maydis were 
clustered into families using the TRIBE-MCL algorithm (see Supplementary 
Information Section 5 for details). 


localization in L, bicolor-P. trichocarpa ectomycorrhizal root tips by 
indirect immunofluorescence is illustrated in Fig, 1 and Supple- 
mentary Fig, 11. Control images in which the ectomycorrhizae sections 
were obtained by replacing primary anti-MISSP7 antibodies with pre- 
immune immunoglobulin (Ig)G are shown in Supplementary Fig, 12. 
For cases in which ectomycorthizae were treated with anti-MISSP7 
antibody followed by fluorescent-labelled secondary antibody, fluor- 
escence was localized in the hyphae colonizing short roots (Fig. 1 and 
Supplementary Fig. 11) and was not detected in the free-living 
mycelium (Supplementary Fig, 12). Although MISSP7 was detected 
in the hyphal mantle layers ensheating the root tips, the protein mainly 
accumulated in the finger-like, labyrinthine branch hyphal system 


Table 2 | Changes in expression of transcripts coding for MISSPs 
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(Hartig net), which provides a very large area of contact between cells 
of the two symbionts. It accumulated in the cytosol and cell wall of the 
fungal cells. The MISSP7 protein could therefore interact with the plant 
components after secretion. MISSP7 shares no sequence similarity or 
protein motif with other SPs. 

Comparison of the MISSP sequences did not reveal a specific 
conserved motif that could potentially contribute to their function 
or to targeting to the host cell, such as the RXLR motif"! of phyto- 
pathogenic Phytophthora or the malaria parasite. SSPs with upregu- 
lated expression in fruiting bodies (Supplementary Table 5 and 
Supplementary Fig. 10) may have a role in the differentiation of 
the sexual tissues and/or the aggregation of sporophore tissues. 
Interestingly, there is a large set of SSP genes showing significant 
changes in gene expression in both ectomycorrhizal root tips and 
fruiting bodies (cluster A in Supplementary Fig. 10), suggesting that 
both developmental processes recruit similar gene networks (for 
example, those involved in hyphal aggregation). 

Host trees are able to harness the formidable web of mycorrhizal 
hyphae (which permeates the soil and decaying leaf litter) for their 
nutritional benefit. A process that is pivotal to the success of ectomy- 
corthizal interactions is therefore the equitable exchange of nutrients 
between the symbiont and itshost plant!*"", A comparison with other 
basidiomycetes (Supplementary Table 12) revealed that the total 
number of predicted transporters is larger in L. bicolor compared with 
C. cinerea and P. chrysosporium, Interestingly, L. bicolor has multiple 
ammonia transporters, although it encodes a single nitrate permease. 
Ammonia is arguably the most important inorganic nitrogen source for 
ectomycorrhizal fungi'*, One of the ammonia transporters (AMT2.2), 
for instance, is greatly upregulated in ectomycorrhizae (Supplementary 
Table 5), Therefore, L. bicolor shows an increased genetic potential in 
terms of nitrogen uptake compared with other basidiomycetes, These 
capabilities are consistent with L. bicolor being exposed to a range of 
nitrogen sources from the decay of organic matter’. 

Although the L. bicolor genome contains numerous genes coding 
for key hydrolytic enzymes, such as proteases and lipases, we observed 
an extreme reduction in the number of enzymes involved in the 
degradation of plant cell wall (PCW) oligosaccharides and polysac- 
charides. Glycoside hydrolases, glycosyltransferases, polysaccharide 
lyases, carbohydrate esterases and their ancillary carbohydrate- 
binding modules were identified using the carbohydrate-active 
enzyme (CAZyme) classification (http://www.cazy.org/). A compari- 
son of the L. bicolor candidate CAZymes with fungal phytopathogens 


Protein identification Family size Length (amino Transcript concentration P. menziesii ECM/FLM P. trichocarpa ECM/FLM Features 

(GI Laccaria database) acids) (FLM) ratio (fold) ratio (fold) 

298595 sc 68 ND 21,877 12913 MISSP7 

333839 5 129 ND 7844 1,931 Glycosyl phosphatidylinositol (GPI)-anchored 
298667 2 70 ND 1,906 1,407 

332226 8 181 43 847 780 (CFEM domain (INTERPRO IPRO14005) 
311468 2 59 ND 191 ND 

295737 8 288 131 11 252 

334759 sc 101 ND 109 18 

395403 4 121 24 103 93 

333423 9 120 6 102 22 Gonadotropin domain (IPRO001545) 
312262 4 106 85 69 53 

295625 4 199 325 66 48 

325402 8 238 310 49 a Snake toxin-like (SSF57302) 

316998 st 56 137 29 57 

333197 3 148 266 v7 8 

327918 g 154 763 13 4 Homologue in C cinerea 

307956 se 74 336 B 90 Whey acidic domain (IPROO8197) 
327246 sc 194 1,025 10 18 Homologue in C cinerea 

303550 5 98 1,365 10 uy 

300377 2 291 5,499 10 8 

293250 sc 224 127 9 10 Homologue in C. cinerea 

298648 sc 64 1,108 8 R 

298645 2 73 1,028 7 iu 

293729 3 210 3,000 7 Ff 


Transcript profiling was performed on free-living mycelium (FLM) and ectomycorrhizal root tips (ECM) of poplar (P,trchocarpa) ard Douglas fir (P. menziesii). See Supplementary Information 


Section 9 for details. Abbreviations: ND, not detected; s, single copy. 
90 
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confirms the adaptation of its enzyme repertoire to symbiosis and 
reveals the strategy used for the interaction with the host (Supple- 
mentary Tables 13 and 14). ‘The reduction in PCW CAZymes affects 
almost all glycoside hydrolase families, culminating in the complete 
absence of several key families. For instance, there is only one candid- 
ate cellulase (glycoside hydrolase 5, GH3) appended to the sole fungal 
cellulose-binding module (CBM1) found in the genome, and no cel- 
lulases from families GH6 and GH7 (Supplementary Table 14). 
Similar reductions or loss of hemicellulose- and pectin-degrading 
enzymes were also noted. These observations suggest that the 
inventory of L, bicolor PCW-degrading enzymes underwent massive 
gene lossas a result of its adaptation to a symbiotic lifestyle, and that 
this species is now unable to use many PCW polysaccharides as a 
carbon source, induding those found in soil and leaf litter. The 
remaining small set of secreted CAZymes with potential action on 
plant polysaccharides (for example, GH28 polygalacturonases) is 
probably required for cell wall remodelling during fungal tissue 
differentiation because their expression was upregulated in both 
fruiting bodies and ectomycorrhizae (Supplementary Table 15 and 
Supplementary Fig. 13). By contrast, transcripts coding for proteins 
with an expansin domain were only induced in ectomycorthizae, 
suggesting they may be used by L. bicolor for penetrating into the root 
apoplastic space. 

To survive before its mycorrhizal association with its host, L. bico- 
lor seems to have developed a capacity to degrade non-plant (for 
example, animal and bacterial) oligosaccharides and polysaccharides; 
thisis suggested by retention of CAZymes from families GH79, poly- 
saccharide lyase 8 (PL8), PL14 and GH88 (Supplementary Table 14). 
Interestingly, there is no invertase gene in the L. bicolor genome, 
implying that this fungus is unable to use sucrose directly from the 
plant. This is consistent with earlier observations"® that L. bicolor 
depends on its host plant to provide glucose in exchange for nitrogen. 
We also noticed an expansion of CAZymes involved in the fungal 
cell wall biosynthesis and rearrangement, almost entirely owing to 
an increased number of putative chitin synthases and enzymes 
acting on B-glucans (Supplementary Table 14). Several of the corres- 
ponding genes are up- or down-regulated in developmental pro- 
cesses requiring cell well alterations such as formation of fruiting 
bodies or mycorthizae (Supplementary Table 15 and Supplemen- 
tary Fig. 13). 

Ectomycorrhizal fungi have an important role in mobilizing nitro- 
gen from well-decomposed organic matter’, The hyphal network 
permeating the soil might therefore be expected to express a wide 
diversity of proteolytic enzymes. The total number of secreted pro- 
teases (116 members) identified (Supplementary Fig, 14) is relatively 
large compared with that in other sequenced saprotrophic basidio- 
mycetes, such as C. cinerea and P. chrysosporium. Secreted aspartyl-, 
metallo- and serine-proteases may have a role in degradation of 
decomposing litter'S, confirming that L. bicolor has also the ability 
to use nitrogen of animal origin, as suggested previously”. They may 
also havea role in developmental processes because the expression of 
several secreted proteases is up- or down-regulated in fruiting bodies 
and ectomycorrhizal root tips (Supplementary Table 16). Mycelial 
mats formed by L. bicolor hyphae colonizing organic matter therefore 
possess the ability to degrade proteins from decomposing leaf litter. 

Our analysis of the gene space reveals a multi-faceted mutualistic 
biotroph equipped to take advantage of transient occurrences of 
high-nutrient niches (living host roots and decaying soil organic 
matter) within a heterogeneous, low-nutrient environment. The 
availability of genomes from mutualistic, saprotrophic and patho- 
genic® fungi, as well as from the mycorrhizal tree P. trichocarpa'?, now 
provides an unparalleled opportunity to develop a deeper under- 
standing of the processes by which fungi colonize wood andsoil litter, 
and also interact with living plants within their ecosystem, to perform 
vital functions in the carbon and nitrogen cydes* that are fun- 
damental to sustainable plant productivity. 
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METHODS SUMMARY 

Genomic sequence. Scaffolds and assemblies for all genomic sequences gener- 
ated by this project are also available from the Joint Genome Institute (JG!) 
portal (http://genome,jgi-psf.org/Lachil/Lacbil.download.fip html). A genome 
browseris available from JGI (http://www.jgi.doe gov/laccaria), BLAST search of 
the genome is available at JGI (http://www.jgi.doe.gov/laccaria) and INRA 
LaccariaDDB (http://mycor.nangy inra.fr/IMGC/LaccariaGenome/). 

Predicted gene models, Consensus gene predictions, produced by combining 
several different gene predictors, are available from JGI (http://www.jgi.doe.gov/ 
laccaria) as General Feature Format (GFF) files. These gene models can also be 
accessed from the Genome Browser in the JGI L. bicolor portal (http://www. jgi. 
doe.gov/laccaria), 

Gene annotations. Tables compiling KEGG, PFAM, KOG and best BLAST hits 
for predicted gene models, transposable element and CAZyme data, as well as 
‘Tribe-MCL gene families, are available from INRA LaccariaDB (http://mycor. 
nancy inra.fr/IMGC/LaccariaGenome/). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature,com/nature, 
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Identification of a serotonin/glutamate receptor 
complex implicated in psychosis 


Javier Gonzdlez-Maeso'”, Rosalind L. Ang', Tony Yuen’, 
Juan F. Lopez-Giménez*, Mingming Zhou’, Yuuya Okawa’ 


Marta Filizola’, J. Javier Meana”!° & Stuart C. Sealfon!# 


The psychosis associated with schizophrenia is characterized by 
alterations in sensory processing and perception’”. Some anti- 
psychotic drugs were identified by their high affinity for serotonin 
5-HT 2, receptors (2AR)**. Drugs that interact with metabotropic 
glutamate receptors (mGluR) also have potential forthe treatment 
of schizophrenia*’. The effects of hallucinogenic drugs, such as 
psilocybin and lysergic acid diethylamide, require the 2AR™!” and 
resemble some of the core symptoms of schizophrenia", Here 
we show that the mGluR2 interacts through specific transmem- 
brane helix domains with the 2AR, a member of an unrelated 
G-protein-coupled receptor family, to form functional complexes 
in brain cortex. The 2AR-mGluR2 complex triggers unique 
cellular responses when targeted by hallucinogenic drugs, and 
activation of mGluR2 abolishes hallucinogen-specific signalling 
and behavioural responses. In post-mortem human brain from 
untreated schizophrenic subjects, the 2AR is upregulated and 
the mGluR? is downregulated, a pattern that could predispose 
to psychosis. These regulatory changes indicate that the 2AR— 
mGluR2 complex may be involved in the altered cortical processes 
of schizophrenia, and this complex is therefore a promising new 
target for the treatment of psychosis. 

The 2AR and mGluR2/3 show an overlapping distribution in brain 
cortex inautoradiography studies", The mGluR2 and mGluR3 are not 
distinguished by autoradiographic ligands. We used fluorescent in situ 
hybridization (FISH) to determine whether either of these receptor 
subtypesis co-expressed by the same neurons. In layer V mouse soma- 
tosensory cortex (SCx), cells positive for 2AR mRNA were mostly 
positive for mGluR2 mRNA. The level of expression in SCx was much 
lower for mGluR3 mRNA, which rarely co-localized with 2AR mRNA 
(Fig. 1a). Control studies validated the sensitivity and specificity of 
the assay, and similar 2AR-mGluR2 mRNA co-localization was found 
in cortical primary cultures (Fig. 1a~c and Supplementary Fig. 1). 
Translation of 2AR protein in cortical pyramidal neurons was found 
to be necessary for normal mGluR2 expression, Mice with globally 
disrupted 2AR expression (Itr2A~/~ mice) showed reduced cortical 
mGluR2 binding and expression, whereas mice in which 2AR expres- 
sion had been selectively restored in cortical pyramidal neurons*"* 
showed expression levels equal to those in the control (Supplemen- 
tary Table 1 and Supplementary Fig. 2). The effects of mGluR2/3 
activation on 2AR responses have generally been attributed to synaptic 
mechanisms***"*, However, the co-localization of 2AR and mGluR2 
and the decrease in mGluR2 expression levels in htr2A~!~ mice led us 
to examine whether a direct mechanism contributed to cortical cross- 
talk between these two receptor systems. 
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, Luis F. Callado”?°, Graeme Milligan®, Jay A. Gingrich>”, 


Recent studies have demonstrated that some G-protein-coupled 
receptors (GPCRs) belonging to the same sequence classes can form 
dimers" or, potentially, higher-order oligomers'’. Although the 2AR 
and mGluR? belong to different GPCR classes, we established the 
existence of 2AR-mGluR2 heterocomplexes by several methods: co- 
immunoprecipitation of human brain cortex samples (Fig. 1d) and 
of HEK-293 cells transfected with epitope-tagged receptors (Fig. 2b), 
bioluminescence resonance energy transfer (BRET) (Fig. le and 
Supplementary Fig. 3), and fluorescence resonance energy transfer 
(FRET) (Fig. 2d) studies in transfected cells. 

To determine whether the formation of the 2AR-mGluR?2 com- 
plex has functional consequences, we first examined, in mouse $Cx 
membranes, the effects of an mGluR2/3 agonist on the competition 
binding of several hallucinogenic 2AR agonists (Fig. 1f top) and 
of a 2AR agonist on the competition binding of several mGluR2/3 
agonists (Fig. 1f, bottom). The agonist affinities for the 2AR and 
mGluR2/3 were decreased when receptor-G-protein complexes 
were uncoupled by GTP-y$ (Supplementary Fig. 4 and Supple- 
mentary Tables 2 and 3). The glutamate agonist LY379268 increased 
the affinity of all three hallucinogens studied for the 2AR-binding 
site. Furthermore, the 2AR agonist DOI (1-(2,5-dimethoxy-4- 
iodophenyl)-2-aminopropane) decreased the affinity of the three 
mGluR2/3 agonists for the glutamate-receptor-binding site. The 
allosteric interactions observed were eliminated by antagonist for 
each modulator (see Supplementary Tables 2 and 3 and Supplemen- 
tary Fig. 4 for additional concentrations of DOI and LY379268 and 
for the elimination of the allosteric effects by antagonists). Although 
the glutamate agonists studied do not distinguish between the 
mGluR2 and mGluR3 subtypes", the rarity of mGluR3 and 2AR 
mRNA co-expression in cortex, the absence of evidence for 2AR- 
mGluR3 complex formation by co-immunoprecipitation, BRET and 
ERET, and the detection of 2AR-mGluR2 complexes by these same 
assays all indicate that the cross-talk identified results from 2AR- 
mGluR2 complexes. 

The differences in the capacity of the mGluR2 and mGluR3 to 
interact with the 2AR and their close sequence similarity provided 
the basis for identifying the specific mGluR2 domains responsible for 
heterocomplex formation. A study of a series of molecular chimaeras 
of the mGluR2 and mGluR3 (see Fig. 2a) demonstrated that the 
segment containing transmembrane (TM) helices 4 and 5 of the 
mGluR2 receptor was both necessary and sufficient for the formation 
ofa complex with the 2AR. The mGluR3 receptor chimaera contain- 
ing only this segment from the mGluR2 (mGluR3ATM4}5) was cap- 
able of co-immunoprecipitating with the 2AR (Fig. 2b), mediating 
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allosteric cross-talk (Fig. 2c) and maintaining close proximity with 
the 2AR as indicated by FRET (Fig. 2d). In contrast, mGluR2ATM4,5 
did not show evidence of complex formation with the 2AR (Fig. 2, 
Supplementary Figs 5 and 6, and Supplementary Tables 4 and 5 
show complete curves, analysis and evidence of membrane expres- 
sion of all chimaeras), The absolute and relative levels of expression 
of heterologous constructs were comparable to the physiological 
levels found in mouse $Cx, and in cortical primary cultures (Supple- 
mentary Fig, 5 and Supplementary Table 4). Our data do not exclude 
the possibility that the predicted 2AR-mGluR? heterodimer, a model 
of which isshown in Fig, 2f, assembles into tetramers or larger recep- 
tor oligomers!””*, 

The changes in high-affinity binding caused by 2AR-mGluR2 
cross-talk suggested that this complex may serve to integrate sero- 
toninand glutamate signalling and modulate G-protein coupling”. 
This hypothesis was tested by measuring the regulation of Gog and 
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Go; proteins by 2AR. High-affinity activation of Gag, by the 2AR 
was decreased by co-expression of mGluR2 (Fig. 2e and Supple- 
mentary Table 6). The activation of Ga; by the 2AR was markedly 
enhanced by mGluR2 co-expression (Fig. 2e and Supplementary 
Table 7), The mGluR2-dependent effects on both Goi, and Goj 
regulation by the 2AR were reversed in the presence of mGluR2 
agonist (Fig. Je and Supplementary Tables 6 and 7). Consonant with 
the results from co-immunoprecipitation, allosteric modulation and 
FRET, the functional assays of G-protein activity also show that the 
TM4-5 segment of the mGluR2, when substituted into the mGluR3, 
was sufficient for signalling cross-talk to occur (Fig, 2e). These data 
support the presence of functional and physiological 2AR-mGIuR2 
complexes that integrate serotonin and glutamate neurotransmission 
to specify the pattern of G-protein regulation. 

Similar evidence for specification of G-protein subtype regulation 
was also observed for the endogenous brain 2AR-mGluR2 complex 
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Figure 1 2AR and mGluR2 co-localize and interact. a, 2AR and mGluR2, 
but not mGluR3, are co-expressed in cortical neurons. Top, mouse 
somatosensory cortex; bottom, mouse cortical primary culture. Scale bars, 
50m (top) and 101m (bottom). Nuclei are blue. Inset: co-expressing 
neuron. b, FISH for mGluR} in thalamus. Top, mouse thalamus; bottom, 
thalamic primary culture. Scale bars, 25 jum (top) and 10 tm (bottom). 

¢, mRNA levels measured by real-time PCR (Error bars show s.e.m,; 1 = 6 
per group). d, Specific co-immunoprecipitation of 2AR and mGluR2 in 
duplicate human frontal cortex samples (arrows). WB, western blot; IP, 
immunoptecipitation. e, BRET2 shows specific 2AR and mGluR2 
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interaction in HEK-293 cells. Data are means * se.m. (n = 3). The mGluR2/ 
2AR curve is fitted better by a saturation curve than by a linear regression, F 
test (P< 0.001), The other co-transfection data sets show linear regressions. 
f, Top, [?H]ketanserin displacement curves in mouse $Cx membranes. 2AR 
agonist affinities were higher in the presence of the mGluR2/3 agonist 
LY379268 at 10M (red) than in vehicle alone (black). [*HJLY341495 
displacement curves (bottom panels), mGluR2/3 agonist affinities were 
lower in the presence of the 2AR agonist DOI at 10 1M (red) than in vehicle 
alone (black). DCG-IV, (25,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)- 
glycine; L-CCG-L, (25,1'S,2'S)-2-(carboxycyclopropyl) glycine. 
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with membranes from cortical primary cultures (Fig, 3a). The pat- 
tern of G-protein regulation in cortical pyramidal neurons has been 
shown to predict specific behavioural responses to 2AR agonists. 
Hallucinogenic drugs and non-hallucinogenic drugs activate the 
same population of 2ARs in cortical pyramidal neurons but differ 
in the 2AR-dependent pattern of G-protein regulation and gene 
induction that they elicit**. In brain cortical neurons, the signalling, 
elicited by hallucinogenic and non-hallucinogenic 2AR agonists 
causes the induction of c-fos and requires Gy, ;-dependent activation 
of phospholipase C. However, the signalling of hallucinogens such as 
DOI and lysergic acid diethylamide (LSD) acting at the 2AR also 
induces egr-2, which is Gyo-dependent. Thus, c-fos expression results 
from any 2AR signalling, and egr-2 induction is a specific marker 
for hallucinogen signalling through the 2AR**. The finding that 
mGluR2 modulates the coupling of the 2AR to G; (Fig. 3a and 
Supplementary Tables 6 and 7) indicated that this complex might 
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be important for hallucinogen signalling. The induction of c-fos 
by hallucinogenic 2AR agonists or by structurally similar non- 
hallucinogenic 2AR agonists in vivo in mouse SCx and in cortical 
primary cultures (Fig. 3b and Supplementary Figs 8-10) was 
not affected by the mGluR2/3 agonist LY379268. In contrast, the 
hallucinogen-specific induction of egr-2 was selectivdy blocked 
by LY379268 in both mouse cortex in vivo and in primary cortical 
cultures (Fig. 3b and Supplementary Figs 8-10 show FISH results 
with LSD treatment, and real-time PCR gene assay results with 
DOI, DOM (1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane), 
DOB (1-(2,5-dimethoxy-4-bromophenyl)-2-aminopropane), LSD, 
lisuride hydrogen maleate and ergotamine). We also studied the 
effects of LY379268 on the head-twitch response behaviour, which 
is hallucinogen-specific®®, In a similar manner to its effects on 
G-protein activation and gene induction, the glutamate agonist 
LY379268 suppressed the induction of the head-twitch response by 
either DOI or LSD (Supplementary Fig, 11). These results suggest 
that LY379268 acts at the 2AR-mGluR2 complex to reduce the 
hallucinogen-specific Gio signalling and behaviour. To establish 
further the functional relevance of 2AR-mGluR2 cross-talk, we 
compared the responses to the mGluR2/3 antagonist LY341494 in 
h2A*'* and htr2A~'~ mice. The locomotor and vertical activities 
elicited by LY341495 were significantly attenuated in the htr2A~/~ 
mice (Fig. 3c), supporting the functional relevance of the 2AR~ 
mGluR2 complex in vivo and suggesting that it also influences the 
endogenous response to glutamate. 

The findings that Gy, regulation, which is necessary for the effects 
of hallucinogens’, is enhanced by the formation of the 2AR-mGluR2 
complex and that activation of the mGluR2 component suppresses 
hallucinogen-specific signalling implicate this complex in the effects 
of hallucinogens. The neuropsychological effects of hallucinogenic 
drugs present commonalities with the psychosis of schizophrenia, 
and both conditions are accompanied by disruptions of cortical 
sensory processing'®''**”, We investigated whether the components 
of the 2AR-mGluR2 signalling complex are dysregulated in the 
brain cortex of subjects with schizophrenia. We determined the den- 
sity of binding sites for 2AR and for mGluR2/3 in cortex from schizo- 
phrenic subjects and in controls who were matched by gender, age 
and post-mortem delay (Supplementary Tables 8 and 9). The recep- 
tor densities in cortical membranes from untreated schizophrenic 
subjects were significantly altered, showing increased 2AR levels 
and decreased mGluR2/3 levels (Fig. 4a, b). mRNA assays showed 
that expression of mGluR2 but not mGIuR3 was decreased in cortex 
from schizophrenic subjects (Fig. 4e). The studies in mouse show that 


Figure 2 | mGluR2 transmembrane domains 4/5 mediate association with 
2AR. a, mGluR2/mGluR3 chimaeras studied, b, c-Myc-2AR and 
haemagglutinin (HA)-mGluR2/mGluR3 chimaera co-immunoprecipitations. 
Calls separately expressing each construct were also mixed. WB, western 
blot; IP, immunoprecipitation. c, 2AR competition binding in cells stably 
expressing the 2AR and transfected with mGluR2/mGluR3 chimaeras. Error 
bars show s.em. (n = 4). d, FRET in cells expressing 2AR tagged with 
enhanced cyan fluorescent protein (CFP) and either mGluR2, mGluR3 or 
mGluR3ATM4,5 chimaera, all tagged with enhanced yellow fluorescent 
protein (eYFP). Pseudocolour images represent normalized values (FRET). 
‘Numbers of samples: eCEP + eYFP, n= 19; 2AR-eCFP + mGluR2-eYEP, 
n= 43;2AR-eCEP + mGluR3-eYFP, n = 31; 2AR-eCFP + 
mGluR3ATM4,5-eYEP, n = 27. Two asterisks, P< 0.01; analysis of variance 
with Dunnett’s post hoc test. n.s., not significant, Error bars show s.e.m. 

e, DOL-stimulated [*°S]GTP-S binding in membranes followed by 
immunoprecipitation with anti-Gay1; (top) or anti-Go 3 (bottom). Cells 
stably expressing 2AR were transfected with mGluR2, mGluR3 or 
mGluR3ATM4,5. The potency of DOI activating Guj,,2,s was significantly 
increased when the 2AR was co-expressed with either mGluR2 or 
mGluR3ATM4,5, an effect abolished by 10 uM LY379268 (LY379) 
(P-<0.001 by F test). Data are means * s.e.m. for three experiments 
performed in triplicate. f, Ribbon backbone representation of the 
transmembrane helices of the 2AR-mGluR2 heteromer model, seen from 
the intracellular face. 
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activation of the mGluR2 component of the 2AR-mGluR2 complex 
climinates the hallucinogen-specific component of the signalling 
responses to LSD-like drugs. Thus, the increased 2AR and decreased 
mGluR2 found in the brain in schizophrenia may predispose to a 
hallucinogenic pattern of signalling 

Many laboratories have attempted to determine the density of 2AR 
in post-mortem brain from subjects with schizophrenia, and some 
studies have reported decreased or unchanged 2AR densities*, To try 


to understand the basis for these discrepancies from our results, we 
first studied the effects of chronic antipsychotic treatment on the 2AR 
and mGluR2 in mouse, The chronic atypical antipsychotic clozapine 
specifically downregulated the level of expression of 2AR and of 
mGluR2 in mouse SCx (Supplementary Fig, 12). The downregulation 
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Figure 3 | 2AR-mGluR2 complex-dependent modulation of cellular and 
behavioural responses. a, DOI-stimulated [“°S]GTP-yS binding in primary 
culture membranes followed by immunoprecipitation with anti-Gayn1 
antibodies (left) or anti-Gaiy,z,5 antibodies (right). DOT Gojy,25 activation 
potency was significantly decreased by 10 tM LY379268 (red) compared with 
vehicle alone (black). Data are mean + for three experiments 
performed in triplicate. b, FISH in mice injected with vehicle or 2 mg kg? 
DOI 15 minafter injection with vehicle or 15 mgkg~! LY379268 (left), and in 
primary cultures treated with 10 uM DOI 15min after being pretreated with 
vehicle or 101M LY379268 (right). Nuclei are blue. Scale bars, 50 im (left) 
and 10 um (right). c, Distance and vertical activity induced in htr2A*/* and 
htr2A~/~ mice by the mGluR2/3 antagonist LY341495 (LY34) at 6mgkg™*. 
In htr2A~'~ mice, the effect of LY341495 on distance was decreased 

(P< 0.05; Bonferroni’s post hoc test of two-factor analysis of variance), and 
its effect on vertical activity was absent (n= 30-32). Error bars show s.e.m. 
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ofmGluR2 by clozapine required expression ofthe 2AR, because it did 
not occur in htr2A~/~ mice (Supplementary Fig. 12) and was not 
induced by the chronic typical antipsychotic haloperidol (Supple- 
mentary Fig. 13), In concordance with the effects of dozapine in 
murine models, the density of 2AR was reduced to control levels 
in postmortem human brain cortex of schizophrenics treated with 
atypical antipsychotic drugs (Fig, 4c), and the mGluR2/3-binding 
sites were also downregulated (Fig. 4d). The onset of psychosis 
in schizophrenia usually occurs in later adolescence or early adult- 
hood', We studied the relationship of receptor densities with ageing: 
both [*H]ketanserin and [?H]LY341495 binding showed a highly 
significant negative correlation with age (Supplementary Fig. 14). 
Hallucinations and delusions typically attenuate with ageing”, which 
correlates with the lower density of the components of the 2AR- 
mGluR2 complex that we observed in older subjects. Consequently, 
the marked dysregulation of both 2AR and mGluR2 expression in 
schizophrenia would be unlikely to be observed in samples from 
heterogeneous groups including treated patients** or in studies 
including older patients**”. 

These studies identify the 2AR-mGluR2 complex as a possible 
site of action of hallucinogenic drugs. The glutamate and serotonin 
systems have both been implicated in psychotic disorders, and the 
components of this complex are found to be differentially regulated 
in cortex from individuals with schizophrenia. Our results are con- 
sistent with the hypothesis that the 2AR-mGluR2 complex integrates 
serotonin and glutamate signalling to regulate the sensory gating 
functions of the cortex, a process that is disrupted in psychosis. 
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Figure 4 | 2ARis increased and mGluR2 is decreased in schizophrenia. 
a, b, Frontal cortex membrane receptor binding assays from untreated 
schizophrenic subjects (red; n= 13) and matched control subjects (black; 
n= 13). In schizophrenia, [7H] ketanserin binding (a) was higher and 
[HILY341495 binding (b) was lower (P <0.05; Student's t-test). Error bars 
show s.e.m. ¢, d, Receptor binding in antipsychotic-treated schizophrenic 
subjects (blue; = 12) and matched control subjects (black; = 12). In 
treated schizophrenia, [°H]ketanserin binding (c) was unaffected and 
[PHILY341495 binding (d) was lower (P<0.05). Error bars show s.e.m. 
¢, mGluR2 mRNA expression is decreased in untreated schizophrenic 
subjects (n= 7) compared with matched control subjects ( = 7; asterisk, 
P-<0.05; error bars show s.em.). 
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METHODS SUMMARY 


Allreagents were purchased from commercial vendors except for LY379268 (Eli 
Lilly and Co.). Mouse lines, treatment protocols, behavioural studies, dissec- 
tions, and primary neuronal cultures, approved by Institutional Use and Care 
Committees, have been described previously"*, Protocols used for FISH", bind- 
ing assays’, real-time PCR’, FRET” and co-immunoprecipitation”” were per- 
formed as described previously or with minor modifications. Epitope-tagged, 
BRET2, FRET and chimaera receptor constructs were generated by using stand- 
ard cloning techniques and were confirmed by sequencing. BRET2 using Renilla 
luciferase and green fluorescent protein (GEP2) was performed in HEK-293 cells. 
‘Matched schizophrenia andcontrol human brains were obtained from autopsies 
performed in the Basque Institute of Legal Medicine, Bilbao, Spain, in compli- 
ance with policies of research and ethical review boards for post-mortem brain 
studies, 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature, 


Received 2 November; accepted 20 December 2007. 
Published online 24 February 2008. 


1. Freedman, R. Schizophrenia. N. Engl J. Med. 349, 1738-1749 (2003). 

2. Sawa, A. & Snyder, S, H. Schizophrenia: diverse approaches to a complex disease. 
Science 296, 692-695 (2002) 

3. Lieberman, J, A. et al. Serotonergic basis of antipsychotic drug effects in 
schizophrenia, Biol. Psychiatry 44, 1099-1117 (1998). 

4, Miyamoto, S,, Duncan, G. E,, Marx, C. E. & Lieberman, J. A. Treatments for 
schizophrenia: a critical review of pharmacology and mechanisms of action of 
antipsychotic drugs. Mol. Psychiatry 10, 79-104 (2005). 

5, Aghajanian, G. K. & Marek, G. J. Serotonin model of schizophrenia: emerging tole 
of glutamate mechanisms, Brain Res, Brain Res. Rey. 31, 302-312 (2000). 

6. Marek, G. J. Metabotropic glutamate 2/3 receptors as drug targets. Curr. Opin, 
Pharmacol. 4, 18-22 (2004), 

7. Patil, S. T. etal. Activation of mGlu2/3 receptors as a new approach to treat 
schizophrenia: a randomized Phase 2 clinical trial, Nature Med. 13, 1102-1107 
(2007). 

8. Gonzelez-Maeso, J etal, Hallucinogens recruit specific cortical S-HT2a receptor- 
mediated signaling pathways to affect behavior. Neuron 53, 439-452 (2007). 

9. Gonzelez-Maeso, J. et al, Transcriptome fingerprints distinguish hallucinogenic 
and nonhallucinogenic S-hydtoxytryptamine 2A receptor agonist effects in 
mouse somatosensory cortex. J. Neurosci. 23, 8836-8843 (2003). 

10. Vollenweider, F. X, Vollenweider-Scherpenhuyzen, M. F, Babler, A,, Vogel, H. & 
Hell, D, Psilocybin induces schizophrenia-like psychosis in humans via a 
serotonin-2 agonist action. Neuroreport 9, 3897-3902 (1998). 

11. Gouzoulis-Mayfrank, E. et al. Psychological effects of (S)-ketamine and N,N- 
dimethyltryptamine (DMT): a double-blind, cross-over study in healthy 
volunteers, Pharmacopsychiatry 38, 301-311 (2005). 

12. Colpaert, F. C. Discovering risperidone: the LSD model of psychopathology. 
Nature Rev. Drug Discov. 2, 315-320 (2003). 

13. Marek, G. J., Wright, R.A,, Schoepp, D. D., Monn, J. A. & Aghajanian, G. K. 
Physiological antagonism between S-hydroxytryptaminez, and group II 
metabotropic glutamate receptors in prefrontal cortex, J, Pharmacol. Exp. Ther. 
292, 76-87 (2000). 

14, Weisstaub, N. V. etal. Cortical 5-HT24 receptor signaling modulates anxiety-like 
behaviors in mice. Science 313, 536-540 (2006). 

15. Benneyworth, M. A. etal. A selective positive allosteric modulator of 
metabotropic glutamate receptor subtype 2 blocks a hallucinogenic drug model 
of psychosis. Mol. Pharmacol, 72, 477-484 (2007). 

16, Angers, S., Salahpour, A. & Bouvier, M. Dimerization: an emerging concept for G 
protein-coupled receptor ontogeny and function, Annu. Rev. Pharmacol. Toxicol. 
42, 409-435 (2002). 

17. Lopez-Gimenez, J. F., Canals, M. Pediani, J.D. & Milligan, G. The «ilb- 
adrenoceptor exists as a higher-order oligomer: effective oligomerization is 


LETTERS 


required for receptor maturation, surface delivery, and function. Mol, Pharmacol. 
71, 1015-1029 (2007), 

18. Wright, R.A, Amold, M, B, Wheeler, W. J, Ornstein, P. L. & Schoepp, D. D. 
[HILY341495 binding to group II metabotropic glutamate receptors in rat brain. 
J. Pharmacol. Exp. Ther. 298, 453-460 (2001). 

19. Palczewski, K. etal, Crystal structure of rhodopsin: A G protein-coupled receptor. 
Science 289, 739-745 (2000). 

20. Fotiadis, D. et al. Atomic-force microscopy: Rhodopsin dimers in rative disc 
membranes, Nature 421, 127-128 (2003). 

21, Kenakin, T. Efficacy at G-protein-coupled receptors. Nature Rev. Dug Discov. 1, 
103-110 (2002) 

22, Gorzalez-Maeso, J, Rodriguez-Puertas, R. & Meana, J, J. Quantitative 
stoichiometry of G-proteins activated by p-opioid receptors in postmortem 
human brain. Eur. J. Pharmacol. 452, 21-33 (2002). 

23, Carlsson, A. The neurochemical circuitry of schizophrenia. Pharmacopsychiatry 39 
(Suppl. 1), S10-514 (2006). 

24, Vollenweider, F. X. & Geyer, M. A. A systems model of altered consciousness: 
integrating natural and drug-induced psychoses. Brain Res. Bull, 56, 495-507 
(2001). 

25, Vollenweider, F.X. et al. Positron emission tomography and 
fluocodeoryglucose studies of metabolic hyperfrontalty and psychopathology 
in the psilocybin model of psychos's. Neuropsychophammacolagy 16, 357-372 
(1997), 

26. Umbricht, D. et al Effects of the 5-HT.2, agonist psilocybin on mismatch 
negativity generation and AX-continuous performance task: implications for the 
neurophatmacology of cognitive deficits in schizophrenia, 
‘Neuropsychophamacology 28, 170-181 (2003). 

27. Gowzoulis-Mayfrank, E. et al. Inhibition of return in the human SHTzq agonist and 
NMDA antagonist model of psychosis. Neuropsychopharmacology 31, 431-441 
(2006). 

28, Deen, B, The cortical serotoriny, receptor and the pathology of schizophrenia: a 
likely accomplice. J. Neurochem. 85, 1-13 (2003). 

29, Davidson, M. et al. Severity of symptoms in chronically institutionalized geriatric 
schizophrenic patients. Am. J. Psychiatry 152, 197-207 (1995). 

30. Gurevich, E. V. & Joyce, J. N. Alterations in the cortical serotonergic system in 
schizophrenia: a postmortem study. Biol. Psychiatry 42, 529-545 (1997). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank L, Devi and L. Ivic for critiquing the manuscript; 
S. Morgello and the Manhattan HIV Brain Bank for providing control brain cortex; 
|. Rodil,L. Urigiien and B. Lin for assistance with biochemical assays; the Mount 
Sinai Microscopy and Microarray, Real-Time PCR and Bioinformatics Shared 
Research Facilities; the staff members of the Basque Institute of Legal Medicine for 
their cooperation in the study; J, H. Prather fora gift of LY379268; and J.-P. Pin for 
providing the signalling peptide sequence of rat mGIURS. This study was supported 
by the National Institutes of Health, UPV/EHU and the Basque Government, the 
Spanish Ministry of Health, the REM-TAP Network, the Whitehall Foundation, the 
Gatsby Foundation and the American Foundation for Suicide Prevention. 


Author Contributions J,G.M. and S.C.5, designed experiments, supervised 
research and wrote the manuscript. J.G.M, performed experiments. R.LA. 
performed BRET experiments. T.Y. designed and cloned receptor chimaeras. Y.O. 
assisted with experiments. P.C, performed FISH studies, N.V.W. and M.Z, 
supervised by J.A.G, performed behaviour experiments and developed mutant 
mouse lines. JLG,, supervised by G.M,, performed FRET experiments. M.F. 
performed computer modelling. LF.C. and JM. performed schizophrenia 
post-mortem human brain studies. All authors discussed the results and 
commented on the manuscript. 


Author Information Reprints and permissions information is available at 

www nature.com/reprints, Correspondence and requests for materials should be 
addressed to J.G.M. (javier maeso@mssm.edu) or S.C.S. 
(stuart.sealfon@mssmedy). 


nature Vol 452|6 March 2008|doi:10.1038/nature06604 


LETTERS 


Hax1-mediated processing of HtrA2 by Parl allows 
survival of lymphocytes and neurons 


Jyh-Rong Chao’, Evan Parganas’, Kelli Boyd’, Cheol Yi Hong’, Joseph T. Opferman’ & James N. Ihle’ 


Cytokines affect a variety of cellular functions, including regu- 
lation of cell numbers by suppression of programmed cell death’. 
Suppression of apoptosis requires receptor signalling through the 


activation of Janus kinases and the subsequent regulation of mem- 100 Swi 
bers of the B-cell lymphoma 2 (Bcl-2) family. Here we demonstrate Bienes 
that a Bcl-2-family-related protein, Hax1, is required to suppress 80 | — Haxt/Bak DKO, n= 18 
apoptosis in lymphocytes and neurons. Suppression requires the = — Hax1/Bak DKO, n= 13 
interaction of Hax1 with the mitochondrial proteases Parl (pre- = gg} — Mnd2,n=13 
senilin-associated, rhomboid-like) and HtrA2 (high-temperature- a 
regulated A2, also known as Omi). These interactions allow Hax1 € 4} 
to present HtrA2 to Parl, and thereby facilitates the processing 
of HtrA2 to the active protease localized in the mitochondrial 204 
intermembrane space. In mouse lymphocytes, the presence of 
processed HtrA2 prevents the accumulation of mitochondrial- of : : — = 
0 5 10 15 20 25 


outer-membrane-associated activated Bax, an event that initiates 
apoptosis. Together, the results identify a previously unknown 
sequence of interactions involving a Bcl-2-family-related protein 
and mitochondrial proteases in the ability to resist the induction 
of apoptosis when cytokines are limiting. 

Ina screen for genes that suppress apoptosis of Janus kinase 2 
(UJak2)-null fetal liver cells, we identified Hax1 full-length clones. 
Expression of Hax! rescued both erythroid-lineage-committed pro- 
genitors and, to a lesser extent, earlier multi-lineage progenitors 
(Supplementary Table 1). Haxl was initially identified by its asso- 
ciation with HSI (also known as Hcls1), a Src kinase substrate’. It has 
anti-apoptotic activity and some structural similarities to Bcl-2 
family members, including the presence of BHI- and BH2-like 
domains and a carboxyl transmembrane domain’. Like Bcl-2 family 
members, Haxl expression is induced by cytokines (Supplementary 
Fig. 1a, b) and the protein is mitochondrial’. In mitochondria, it is 
localized on the inner and outer mitochondrial membranes and 
exposed to the intermembrane space (unpublished data). Lastly, 
human mutations of Haxl cause increased neutrophil apoptosis, 
resulting in autosomal recessive severe neutropenia’ and in some 
cases has been suggested to be the basis for neurological impair- 
ments, 


Time (weeks) 


Figure 1| Loss of Hax! results in postnatal lethality and neuronal apoptosis. 
a, Survival curvesof wild-type(WT), Hax1-knockout (KO), Mnd2, and Hax1/ 
Bax and Hax1/Bak double-knockout (DKO) mice. At least 13 mice per 
genotype were observed. The viability curves for HaxI-null versus Hax1/Bax- 
null are significantly different (P < 0.0004), as are those for Mnd2 and Hax1- 
null (P< 0,007). b, Terminal deoxynucleotidyltransferase-mediated (UTP 
nick end labelling (TUNEL) staining was performed on ventral sections of 
brain including the striatum (top panels) and the cerebellum (lower panels). 
‘TUNEL-positive striatal neurons were brown in colour. Arrows indicate 
TUNEL-positive neurons. ¢, Immunohistochemical staining for GFAP as a 
marker of astrocyte infiltration on brain sections of wild-type (WT, top 
panels) or Hax1-null (KO) mice. Right panels illustratea higher magnification 
relative to the left panels, 


‘Department of Biochemistry, “Animal Resources Center, St Jude Children’s Research Hospital, Memphis, Tennessee 38105, USA. 
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To assess the functions of Haxl, null mice were produced by 
gene targeting (Supplementary Fig. 2). Heterozygous mice were 
viable and fertile whereas homozygous-null mice, although born at 
expected frequencies, failed to survive longer than 14 weeks (Fig. 1a). 
Lethality was caused by loss of motor coordination and activity, 
ultimately leading to failure to eat or drink, Histological analysis 
identified extensive apoptosis of neurons in the striatum and the 
cerebellum (Fig. 1b). Consistent with neuronal loss, staining for glial 
fibrillary acidic protein (GFAP) identified extensive infiltration of 
astrocytes in the striatum (Fig. Ic). A comparable phenotype was 
seen in Haxi/Rag2-null mice, ruling out a role for the immune 
system in neuronal apoptosis (data not shown). 

Deletion of Hax! also resulted in the loss of lymphocytes with age 
in spleen, bone marrow and thymus (Fig. 2a). Loss of cellularity was 
associated with increased annexin-V-stained apoptotic cells (data 
not shown). Inthe thymus, both double- and single-positive popula- 
tions were lost comparably (Supplementary Fig. 3a). In bone marrow 
there was a preferential loss of pro-B cell and pre-B cell populations 
(Supplementary Fig. 3b) and an associated increase in apoptotic cells 
(data not shown). In cultures of T or B cells there were no detectable 
differences between wild-type and Hax1-null cells in the presence of 
cytokines (interleukin (IL)-2 or IL-7, data not shown). However, 
with cytokine withdrawal, Hax1-null T and B cells lost viability more 
rapidly (Fig. 2b). Loss of viability of T cells could be rescued by 
retroviral introduction of Hax! (Supplementary Fig, 3c). The results 
demonstrate that Hax1 extends the window of survival after cytokine 
withdrawal by approximately 8 h, 

Hax!-null mice appeared phenotypically similar to mice with a 
mutation of the mitochondrial protease HtrA2 that inactivates pro- 
tease activity (Mnd2, motor neurodegeneration 2) or to mice in 
which the gene was deleted by homologous recombination’*. In a 
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direct comparison with Mnd2 mice, we found both the neuro- 
pathology (data not shown) and the loss of lymphocytes were 
identical, although more severe in Mnd2 mice (Fig. 2a, b). 
Consistent with a potential functional relationship, Haxl was iden- 
tified in a yeast two-hybrid screen for HtrA2-interacting proteins’. 
We confirmed this interaction and identified a carboxyl-terminal 
region, termed the Hax1 homology domain (HD1), as being essential 
for association (summarized in Fig. 3a; data shown in Supplementary 
Fig. 4a,b). 

The Haxl-HtrA2 association could have several consequences. 
HtrA2 is synthesized as an inactive precursor containing a 133- 
amino-acid mitochondrial-targeting sequence (MTS). After mito- 
chondrial import, the MTS is deaved, releasing the active protease 
into the intermembrane space. Finally, protease activity is regulated 
by engagement of a C-terminal PDZ domain", Because Haxl only 
weakly interacts with the processed protease and not with the PDZ 
domain (summarized in Fig, 3b; data shown in Supplementary Fig. 
4a, b), regulation of protease activity is unlikely. To explore import 
and processing, a protease inactive mutant (Ser 306A) protein was 
expressed with or without Hax] (Fig. 3c), Only unprocessed HtrA2 
‘was present in the cytosolic fraction and it was unaffected by Haxl 
co-expression. In contrast, mitochondria contain both unprocessed 
and processed HtrA2, and co-expression of Hax1 markedly increased 
the amount of processed protease. Processing required the normal 
site, because a cleavage site mutant (LA133RR) was not processed. As 
summarized in Fig, 3a, processing required the HD] domain as well 
as the HD2 domain, Together, the data support the condusion that 
Hax1 associates with HtrA2 and facilitates its mitochondrial proces- 
sing. Consistent with this, processed HtrA2 is markedly reduced in 
tissues from Hax]-null mice (Fig, 3d). Also, consistent with a posi- 
tion upstream of HtrA2, retroviral introduction of Haxl into Mnd2 
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Figure 2 | Hax! deficiency results in loss of lymphocytes. a, The number of 
T orB lymphocytes from thymus (left), spleen (middle) or bone marrow 
(right) of mice at 4 or 8 weeks of age. Cell numbers were determined by 
trypan blue exclusion. The values represent standard deviation from the 
mean of four mice. The Hax1-null versus wild-type numbers at 4 weeks are 
not significantly different, whereas all other comparisons have probabilities 


Hours after starvation 


of P<0.001. b, Cell viabilities for pre-activated peripheral T cells ot pro-B 
cells cultured in medium without IL-2 or IL-7, respectively, for 0,8, 16, 24, 32 
or 40h. Error bars denote standard deviation of three independent 
experiments. The Hax1-null and Mnd2 curves are not statistically different, 
nor are the Bax-null and Bax/Hax1-null curves. Others are significantly 
different from wild type P< 0.001. 
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mutant T cells did not rescue their loss of viability after IL-2 with- 
drawal (Supplementary Fig. 3c). 

Recently, mice null for the mitochondrial inner membrane prote- 
ase Parl were described that were also markedly similar to Hax!-null 
and HtrA2-mutant mice''. We therefore explored the possibility that 
Parl cooperates with Hax| to process HtrA2. In co-expression stud- 
ies, Hax] interacts with Parl (summarized in Fig, 3c; data shown in 
Supplementary Fig. 4c), and this requires the HD1 and HD2 regions. 
Association could also be demonstrated with endogenous proteins 
(Fig. 3f). In contrast, no association between Parl and HtrA2 was 
demonstrable, This suggested that HtrA2 may be recruited to a 
Hax1-Parl complex for processing. Consistent with this, co-expression 
of HtrA2 with increasing concentrations of Parl resulted in progres- 
sively processed HtrA2 (Fig. 3e). This increase was not seen with a Parl 
protease inactive mutant ($277G). The amount of processed HtrA in 
Parl-deficient fibroblasts was reduced, comparable to that seen in 
Hax!-null fibroblasts (Fig, 3e). 

The results support a model in which Hax] associates with Parl on 
the inner mitochondrial membrane. When imported, unprocessed 
HtrA2 associates with the Hax1—Parl complexand, thereby, HtrA2 is 
‘presented’ to Parl for processing. Once processed, the mature 
enzyme is released into the intermembrane space and provides pro- 
tection from apoptosis. 

Previous studies have focused on the pro-apoptotic functions of 
HtrA2 when the relatively non-specific protease is released into the 
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cytosol after damage to the mitochondrial membrane. Genetically, 
however, the normal physiological function is anti-apoptotic. One 
possibility was that Hax!-HtrA2 function is required for normal mito- 
chondrial membrane integrity. This was intriguing because Parl- 
deficient mitochondria release cytochrome c more readily, perhaps 
related to effects on Opal—a protein implicated in cristae integrity’. 
However, analysis of various parameters, induding the amount, loca- 
lization and state of oligomerization of Opal as well as mitochondrial 
morphology, membrane potential and sensitivity to induction of cyto- 
chrome ¢ release, failed to identify inherent mitochondrial defects in 
HaxI-deficient or HtrA-mutant mitochondria (unpublished data). 
The specific requirement for Haxl-HtrA2 after cytokine with- 
drawal suggested a role for pro-apoptotic Bcl-2 family proteins’. 
This was genetically assessed with gene-deficient mice. Deficiencies 
of Bax, Bak (also known as Bak!) (Fig. 1a) or Bim (also known as 
Bcl2l11) did not eliminate the neurodegenerative phenotype or 
neuronal apoptosis (data not shown). This was unexpected because 
Baxhas been proposed to be a critical mediator of neuronal cell death 
after neuron tropic factor withdrawal'*"’. However, absence of Bax 
or Bim, but not Bak, rescued the loss oflymphocytes (Supplementary 
Fig. 5). Consistent with this, T or B cells from Hax1/Bax-deficient 
(Fig. 2b) or Hax1/Bim-deficient (data not shown) mice were as resi- 
tant to cytokine withdrawal as Bax- or Bim-deficient lymphocytes. 
Mitochondrial outer membrane permeabilization and apoptosis 
after cytokine withdrawal requires activation of Bax and/or Bak'*"?, 
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Figure 3 | Hax1 is required for Parl-mediated processing of HtrA2. 

a, Schematic of Hax! deletion mutants and ability to bind HtrA2, toenhance 
processing of HtrA2 or bind Parl, BH1 and BH2, Bel-2 protein homology 
domains; HD1 and HD2, Haxl domains conserved among species; P, PEST 
sequence; TMD, transmembrane-like domain. The box on the right indicates 
whether interactions or HtrA2 processing are observed with the various 
mutants. m, mutation; A, deletion, b, Schematic of HirA2-deletion mutants 
and ability to bind Hax1. MTS, mitochondrial targeting sequence. For a and 


100 


b, the data are illustrated in Supplementary Fig. 4. ¢, Immunoblots of lysates 
from cytosolic and mitochondrial fractions of transiently transfected COS-7 
cells. d, Immunoblot of the indicated tissues from wild-type (WT) and 
Hax1-null (KO) mice at 3 weeks of age. e, Transient transfectants of COS-7 
cells and MEFs established from wild type, Parl-null, HaxI-null or HtrA2- 
null mice with which association of endogenous proteins was examined, 

f, Mitochondrial lysates of wild-type or Hax/-null livers. 
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Activation of Bax is downstream of Bim activation, which occurs as a 
consequence of loss of anti-apoptotic partners and/or receptor- 
induced phosphorylation promoting turnover. We therefore 
examined the consequences of Hax! deficiency or HtrA2 mutation 
on theseevents. Neither mutation affected Bim accumulation or total 
Bax. Nor did the mutations affect the expression patterns of anti- 
apoptotic proteins Bcl-2, Bcl-x or Md-1 (Supplementary Fig. 6). 
However, both mutations greatly affected the rate of appearance of 
a conformation of Bax that is uniquely associated with the mitochon- 
drial outer membrane and is responsible for mitochondrial-outer- 
membrane permeabilization****. Increases in activated Bax occurred 
at least 8h sooner than in wild-type cells and correlated directly with 
loss of viability (data provided in Supplementary Fig. 6). 

Our results provide mechanistic insights into one component of 
the events that determine how long lymphocytes can survive after 
cytokine withdrawal, In particular, withdrawal of cytokines reduces 
the levels of anti-apoptotic proteins including Haxl (Fig. 4b). With 
loss of Haxl, the production of the processed HtrA2 is reduced 
(Fig. 4b). Conversely, the loss of other anti-apoptotic proteins and 
the accumulation of Bim contribute to the generation of activated 
Bax. Ultimately, it is the loss of HtrA2 activity that contributes to 
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Figure 4 | HtrA2 has a role in controlling accumulation of activated Bax in 
peripheral lymphocytes. Pre-activated T cells from wild-type, Hax!-null, 
Bax-null, Mnd2 or Bim-null mice were cultured in media without IL-2 for 0, 
8, 16 or 24h, Lysates were immunoblotted with the indicated antibodies. 
a, Activated Bax was detected by lysing cells in 1% CHAPS lysis buffer (1% 
CHAPS, 20 mM Tris-Cl, pH 7.4, 137 mM NaCl, 10% glycerol and 1 mM. 
EDTA), immunoprecipitation with mouse monoclonal anti-Bax antibody 
(6A7) and immunoblotting with rabbit polyclonal anti-Bax antibody. 

b, Immunoblots for detection of HtrA2 or Hax- 1. Loading controls (B-actin) 
and the results examining Bim, total Bax, Mel-1, Bcl-x, Bcl-2and Parl, as well 
as the percentage of viable T cells are presented in Supplementary Fig. 6. 
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the accumulation of sufficient amounts of activated Bax to induce 
cytochrome c release and cell death. Although we have focused on 
lymphocytes, Hax1 also contributes to suppression of apoptosis of 
neutrophiles deprived of G-CSF (Supplementary Fig. 7) and may 
function generally in protecting haematopoietic cells from cytokine 
withdrawal. 

Several challenging questions are raised by the results. For 
example, although activated Bax may be the target in lymphocytes, 
genetically, any role in the neuronal apoptosis is not evident. 
Therefore, it will be important to identify pathways and potential 
mediators of apoptosis in neurons that are suppressed by Haxl— 
HtrA2 in both normal development and in conditions associated 
with Parkinson’s disease*. Also it will be important to determine 
how HtrA2 suppresses the appearance of activated Bax. Activated 
Bax may be a substrate of HtrA2, however it is equally possible that 
Bax-associated proteins are substrates. The results raise the possi- 
bility that other mitochondrial proteases may be important in regu- 
lating programmed cell death, 


METHODS SUMMARY 


Immunoprecipitations, immunoblots and northern blots used standard tech- 
niques as described previously”. Expression constructs generally used pCDNA3 
(Invitrogen), and deletion mutants were made by PCR-based, site-directed 
mutation and confirmed by DNA sequencing, Transfections used FuGENE6 
(Roche) or standard calcium-phosphate methods. Pre-activated cells were 
obtained by culture of splenocytes with anti-CD3e monoclonal antibody, fol- 
lowed by culture in human IL-2 (200Uml™) for 7days Pro-B cells were 
‘obtained by culturing bone marrow cells in stem cell factor (50ngml~') and 
IL-7 (10ng ml™') for 14 days. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature 
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The inflammasome recognizes cytosolic microbial and 
host DNA and triggers an innate immune response 


Daniel A. Muruve’*, Virginie Pétrilli**, Anne K. Zaiss’, Lindsay R. White’, Sharon A. Clark’, P. Joel Ross’, 


Robin J. Parks’ & Jurg Tschopp* 


The innate immune system recognizes nucleic acids during infec- 
tion and tissue damage. Whereas viral RNA is detected by endo- 
somal toll-like receptors (TLR3, TLR7, TLR8) and cytoplasmic 
RIG-I and MDAS, endosomal TLR9 and cytoplasmic DAI bind 
DNA’, resulting in the activation of nuclear factor-«B and inter- 
feron regulatory factor transcription factors. However, viruses 
also trigger pro-inflammatory responses’, which remain poorly 
defined. Here we show that internalized adenoviral DNA induces 
maturation of pro-interleukin-1B in macrophages, which is 
dependent on NALP3 and ASC, components of the innate cytosolic 
molecular complex termed the inflammasome. Correspondingly, 
NALP3- and ASC-deficient mice display reduced innate inflam- 
matory responses to adenovirus particles. Inflammasome activa- 
tion also occurs as a result of transfected cytosolic bacterial, viral 
and mammalian (host) DNA, but in this case sensing is dependent 
on ASC but not NALP3. The DNA-sensing pro-inflammatory 
pathway functions independently of TLRs and interferon regula- 
tory factors. Thus, in addition to viral and bacterial components 
or danger signals in general, inflammasomes sense potentially 
dangerous cytoplasmic DNA, strengthening their central role in 
innate immunity. 

CpG-rich DNA from bacteria and viruses stimulates dendriticcells 
and macrophages to release considerable amounts of type I interferon 
(TEN) byactivating the DNA-sensing protein TLR9 (ref. 1). However, 
there is ample evidence that DNA, including host (self) DNA, can be 
recognized independently of TLR9 (refs 2, 3). A double-stranded 
(ds)DNA-binding protein designated DAI was recently identified 
that detects both microbial and host DNA‘. In the absence of DAI, 
the type I TEN response triggered by viral DNA is severely hampered, 
suggesting an important role of the DAT signalling pathway in the 
antiviral response. In addition to type I IFN, a successful anti-viral 
response is also dependent ona strong pro-inflammatory component 
controlled by two alarm cytokines, TNE and interleukin (IL)-1B 
(ref. 5), Although the mechanism of the type I IEN response has been 
intensively investigated, little is known about the mechanism of the 
virus-mediated inflammatory response. 

Adenoviruses are non-enveloped DNA viruses that cause respir- 
atory and gastrointestinal disease in humans. In addition, recom- 
binant adenovirus vectors are studied and developed for gene and 
oncolytic therapy®, Adenovirus vectors trigger the innate immune 
system, which results in the rapid induction of inflammatory cyto- 
kines such as IL-1B and TNF® and acute inflammation in vivo’*. In 
contrast to most RNA viruses, the signalling pathways that mediate 
this effect have not been fully defined. 

The NALP proteins are cytoplasmic NOD-like receptors (NLRs)°. 
Thebest understood is NALP3 (also called cryopyrin, NLRP3), which 


senses exogenous and host ligands such as bacterial peptidoglycan, 
ATP or uricacid'®. NALP3 recruits, via the adaptor protein ASC, the 
inflammatory caspase-1 into a molecular complex termed the 
inflammasome". Once activated, caspase-1 processes pro-IL-1B 
and pro-IL-18 to their active and secreted forms. Other NLRs that 
are known to form IL-1 B-processing inflammasomes indude NALPI 
and IPAF, the latter of which directly activates caspase-1 in response 
to bacterial flagellin’’. Given the limited information on the inflam- 
matory response to DNA viruses and DNA in general, we have 
explored here the role of the inflammasome in this pathway. 

To test whether adenovirus can activate the inflammasome, differ- 
entiated human THP-1 cells were infected with wild-type human 
adenovirus (serotype 5) and the processing and secretion of caspase- 
1 and IL-1 protein was determined (Fig. 1a). Because antiviral anti- 
bodies enhance the interaction and internalization of adenovirus with 
leukocytes! adenovirus infections were also performed in the presence 
of human serum, Adenovirus infection induced robust processing of 
the 35-kDa pro-IL-1 protein to the mature, secreted 17-kDa IL-IB 
cytokine within 2h, which increased over time. Similar results were 
obtained after infection with serotype 3 human adenovirus (Fig. 1b). 
To determine whether viral replication was necessary to activate IL-1, 
THP-1 cells were incubated with the non-replicating adenovirus vec- 
tors AdLacZ or AdGFP. Both adenovirus vectors efficiently activated 
pro-IL-If maturation (Fig. Ic). To examine further the role of the 
adenovirus virion in inflammasome activation, THP-1 cells were chal- 
lenged with ultraviolet/psoralen-inactivated adenovirus, adenovirus 
vectors lacking CAR and integrin-binding capsid domains, or a 
helper-dependent adenovirus vector (Fig. 14). All of the recombinant 
adenovirus vectors effectively induced IL-1B processing and secretion 
(Fig. 1d and Supplementary Fig. 1), confirming that the adenovirus 
virion activates the inflammasome, independent of the transgene or 
viral gene expression. IL-1 secretion on adenovirus transduction was 
not restricted to human cells, as cytokine release from murine macro- 
phages was almost as efficient as that triggered by lipopolysaccharide 
(LPS) and ATP (Fig. le). Moreover, infection with HSV-1, a DNA 
virus of the Herpesviridae family, also caused potent caspase-] and 
pro-IL-1B maturation, suggesting that DNA viruses in general may 
activate an IL-1-based inflammatory response (Fig. If). 

To determine more precisely the virion component responsible for 
IL-1 activation, THP-1 cells were incubated with infectious empty 
adenovirus capsids oradenovirus DNA. An increasing titre ofempty 
viral capsids was incapable of inducing IL-1 processing (Fig. 2a). 
Because empty viral capsids retain the binding and internalization 
properties of mature adenovirus virions”, these results suggested 
that the capsid proteins or the mere internalization event are prob- 
ably not responsible for inflammasome activation. To test whether 
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the adenovirus DNA could activate the inflammasome, THP-1 cells 
were incubated with purified adenovirus DNA. Under these condi- 
tions, no IL-1 activation was observed, suggesting that the viral 
components leading to IL-1 secretion were not detected by surface 
receptors (Fig. 2b). In contrast, adenovirus DNA, but not capsid, 
transfected using cationic liposomes efficiently activated IL-1 pro- 
cessing (Fig, 2b), implying that cytoplasmic adenovirus DNA is a 
major activating ligand for the inflammasome. 

Because helper-dependent adenovirus vectors lack all viral DNA, 
these results suggested that the recognition of DNA by the inflam- 
masome may not be virus specific. Indeed, transfected DNA isolated 
from Escherichia coli also potently activated IL-1B, which was abo- 
lished on treatment with DNase (Fig. 2cand Supplementary Fig, 2a). 
Moreover, microbe-unrelated mammalian genomic DNA, synthetic 
polymerase chain reaction (PCR)-generated DNA (576 base pairs 
(bp)), but not double-stranded short oligonucleotides (40 bp) were 
activators of theinflammasome (Fig. 2c). Amore detailed size-activity 
analysis of PCR-generated DNA revealed that a minimal length of 
approximately 250bp was required for inflammasome activation 
(Fig, 2d and Supplementary Fig. 2). Although the highly repetitive 
DNA sequence poly(dA:dT) also led to the production of IL1B (cor- 
roborating a sequence unrelated sensing system), single-stranded 


NATURE|Vol 452|6 March 2008 


(ss)DNA and CpG oligonucleotides did not, although activation of 
interferon regulatory factor (IRF)-3 by the latter remained intact 
(Eig. 2e and Supplementary Fig. 3). In keeping with this, transfection 
of macrophages with plasmid DNA resulted in the secretion of active 
IL-1 (Fig. 2f), indicating that transfection experiments expressing 
inflammasome components must be interpreted with caution. 
Activation of caspase-1 and IL-1 by cytoplasmic DNA also occurred 
in dendritic cells (Supplementary Fig. 4). In contrast to the activation 
of the inflammasome by DNA, we were unable to confirm inflamma- 
some activation after cellular challenge with total mammalian RNA, 
poly(I:C)'* or infection with the RNA viruses reovirus and vesicular 
stomatitis virus (Supplementary Fig, 4 and data not shown). 

The strong IL-1 activation induced by adenovirus and HSV-1 
strongly suggested that one of the inflammasome-forming NLRs 
‘was responsible for viral recognition of internalized virions. Thus, 
macrophages from ASC- and NALP3-deficient mice were transduced 
with AdLacZ (Fig. 3a). In contrast to wild-type cells, IL-1 matura- 
tion was completely absent in ASC- and NALP3-deficient macro- 
phages. In contrast, TLR9- or MyD88-deficient macrophages still 
responded to AdLacZ and DNA-mediated IL-1 processing (Fig. 3a 
and Supplementary Fig. 5). AdLacZ, also induced IL-1 processing 
and secretion in IPAF-deficient macrophages, excluding a role for 
this inflammasome (Fig. 3a) 

Notably, NALP3 was not required for the sensing of adenovirus 
DNA that was delivered to the cytoplasm by lipid-mediated trans- 
fection as opposed to infection or transduction. Whether the DNA 
was of viral, bacterial, fish, or human origin, IL-1 activation still 
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Figure 1| Adenovirus infection activates IL-1B processing and secretion. 
a, b, Immunoblotting (IB) for IL-1 and caspase-l in cell extracts (ext.) or 
tissue culture supernatants (sup.) from PMA-differentiated THP-1 cells 
infected with wild-type serotype 5 adenovirus (a) or wild-type serotype 3 
adenovirus (b). Crude LPS (12.5ngml~') and ATP (5mM) were used as 
positive controls. HS, human serum. ¢, PMA-differentiated THP-1 cells were 
transduced with AdLacZ, AdGEP or vehicle (veh.) for 6h. IL-1 activation 
by AdGEP and AdLacZconfirms that the responses transgene independent. 
D116, antibody directed against mature (17kDa) human IL-1B. d, 1L-1f 
immunoblot of differentiated THP-1 cells transduced with tropism- 
modified (Ps-Ad, transcription-defective adenovirus vector; AdL.PB, RGD- 
deleted adenovirus vector; AdL.F, fibre-modified, CAR-ablated adenovirus 
vector) and helper-dependent adenovirus vector (HD-Ad) in human serum 
in the presence or absence of the pan-caspase inhibitor 2V AD-fmk. e, IL-1 
ELISA at 6h from tissue culture supernatants of primary mouse 
macrophages transduced with AdGFP or stimulated with LPS and ATP 
(mean + s.d.). f, Immunoblotting for IL-1 and caspase-1 in THP-1 cells 
infected with human HSV-1 at 6h (multiplicity of infection 10:1). 
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Figure 2 | Role of viral and non-viral DNA in IL-1 activation. 
Immunoblotting for IL-1 in cell extracts (ext.) or tissue culture 
supernatants (sup.).a, IL-1 activation in differentiated THP-1 cells 
challenged with an increasing concentration of empty adenovirus capsids. 
b, IL-1 activation in THP-1 cells transfected with Ad5 DNA or empty 
capsids at 6h. ¢, Effect of liposome-mediated transfection of adenoviral 
(Ad5), human genomic (gDNA), PCR (576 bp), oligonucleotide (40 bp) and 
E. coli DNA with or without DNase treatment in THP-1 cells at 6h. 

4d, Immunoblotting for IL-1 in mouse peritoneal macrophages transfected 
with PCR-generated DNA of different length. e, ELISA for IL-1 in tissue 
culture supernatant of mouse peritoneal macrophages transfected with 
various forms of DNA (n = 3-4, mean + s.d.). f, Effect of viral and plasmid 
DNA transfection in THP-1 cells at 6h. The plasmid pcDNA3 LE is a low- 
endotoxin purified preparation. 
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occurred in the absence of NALP3 (Fig. 3b and Supplementary Fig. 
6). However, ASC and caspase-1 were essential, suggesting that the 
DNA sensor is formed of an alternative inflammasome of the NALP 
family. We therefore tested macrophages from all other currently 
available NALP-deficient mice (NALP6 and NALP12, our own 
unpublished data) or mutant mice (C57/BL6, NALPI; ref. 15), but 
found no difference in their capacity to respond to cytoplasmic DNA 
(data not shown). Moreover, transfected DNA still triggered pro-IL- 
1B processing in IPAF- or TLR9-deficient macrophages as expected 
(Supplementary Fig. 7). 

To gain some insight into the signals that couple intracellular DNA 
sensing with inflammasome activation, we investigated the role of 
cytoplasmic K* levels, Recently, K* efflux was found to be essential 
for the activation of NALP1 and NALP3 inflammasomes'*’”, 
Blocking K* efflux through the addition of extracellular K* or gly- 
buride, a blocker of ATP-dependent K* channels, resulted in the 
complete or partial inhibition of caspase-1 activation, independent 
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Figure 3 | Role of NALP3 and ASC in adenovirus and DNA activation of IL- 
‘1p. a, Immunoblotting for IL-1 in cell extracts (ext.) or supernatants (sup.) 
from LPS-primed murine wild type, Nalp3~/~, Ase~!~, Tlr9~/~ or Ipaf /~ 
peritoneal macrophages 6h after transduction with AdLacZ. or vehicle 
(veh.). ATP (5mM) served as a positive control. Tir9”/~ and Ipaf~ 
macrophages were challenged with an increasing titre of AdLacZ (range 

5 X 10° to 5 X 10* particles per cell) or vehicle. b, Effect of liposome- 
mediated transfection of salmon sperm or plasmid DNA (DNAsp, pcDNA3) 
in wild-type, Nalp3/~, Asc’/~ and Casp1~/~ macrophages with and 
without DNasetreatment. Monosodium urate (MSU) crystals and ATP were 
used as controls. ¢, IL-1 and phospo-IRF3 immunoblotting in THP-1 cells 
transfected with poly(dA:dT) or E. coli DNA. Cells were pre-treated with KCL 
(100 mM) of the potassium channel inhibitor glyburide (100 1M). 4, IL-1. 
and caspase-1 immunoblotting in IFNR1-deficient (Ifnarl~~ ) 
macrophages transfected with DNA or challenged with the TLR7/8 agonist 
and inflammasome activating R837 (10 ygml”'), e, Phospho-IRF3 and IL- 
1f immunoblotting in wild-type and Nalp3~/~ macrophages stimulated 
with AdGEP or transfected with poly(I:C) at 6h, 
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of whether the signal was triggered by adenovirus or transfected DNA 
(Eig. 3c and Supplementary Fig. 8). This indicates that DNA- 
mediated inflammasome activation also involves this crucial change 
in ionic environment. The requirement for ASC but not NALP3 to 
recognize cytoplasmic DNA is reminiscent of inflammasome activa- 
tion by the cytosolic pathogen Francisella tularensis'*. Infection by F. 
tularensis results in the secretion of IFN-f; its signalling through the 
type I IEN receptor (IFNRI) is required for inflammasome activation 
and IL-1 secretion. Because cytoplasmic DNA is a strong activator 
of type I IEN, we explored the possibility that inflammasome activa- 
tion was indirectand dependent on IFN. However, caspase-1 and IL- 
1 maturation induced by transfected DNA in macrophages deficient 
in IENRI occurred almost as efficiently as in wild-type cells (Fig, 3d). 
Furthermore, IRF-3 activation triggered by transfected DNA and 
adenovirus remained intact in NALP3- and ASC-deficient macro- 
phages (Fig, 3e and Supplementary Fig. 9) and after inflammasome 
blockade by glyburide and extracellular potassium in THP-1 cells 
(Fig. 3c). Together, these results confirm that DNA sensing by the 
inflammasome is distinct from type I IFN pathways. 

The above experiments predicted that ASC and NALP3 would be 
important mediators of the innate immune response to the adeno- 
virus in-vivo, and thus experiments were performed using an estab- 
lished model of innate immunity to adenovirus in mice’. NALP3-, 
ASC- and caspase-1-deficient mice or their wild-type littermates 
were injected intraperitoneally with first-generation adenovirus vec- 
tors. Compared to wild-type mice, the intraperitoneal admini- 
stration of AdGEP to Nalp3'~ mice resulted in a significant 
reduction of nuclear factor-kB-dependent inflammatory gene 
expression such as pro-IL-1B (IIb), MIP-1B (Miplb, also called 
Ccl4) or IP-10 (IP-10, also called Cxcl10) in the liver at 6h (Fig. 4a, 
b). Notably, protein levels of IL-1, IL-6 and MIP-1B were decreased 
(Fig. 4c, d). Similarly, in ASC- and caspase-1-deficient mice, the early 
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Figure 4 | Role of NALP3 in adenovirus-vector-induced inflammation in 
vivo. a,b, RNase protection assay of total liver RNA probing for chemokine 
and cytokine genes at 6h in wild-type and Nalp3-'~ mice receiving AdGEP 
intraperitoneally. Nalp3"/~ mice displayed blunted liver eytokine mRNA. 
levels in response to adenovirus vectors. Quantifications are based on 
phosphorimaging and are normalized to housekeeping genes (mean + s.d., 
n= 3-5), d, ELISA of spleen IL-1, IL-6MIP-1 (CCL4), IP-10 (CXCL10) 
and MCP-1 (CCL2) from wild-type and Nalp3~’~ mice 6h after AdGEP 
administration (mean + s.d., n= 3-5; asterisk, P<0.05). 
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inflammatory response in the liver was blunted after intraperitoneal 
administration of AdLacZ compared to wild-type controls (Supple- 
mentary Fig. 9). These results show that the NALP3 inflammasome 
and IL-1 are mediators of the innate immune response to the ade- 
novirus virion in vivo. However, the partial reduction in the inflam- 
matory response observed in mice deficient in inflammasome 
components is consistent with redundant mechanisms that exist in 
the innate response to adenovirus”. 

Our data demonstrate that the internalized adenovirus DNA acti- 
vates intracellular NALP3 and downstream signalling that involves 
ASC and caspase-dependent activation of IL-1. This is in line with 
findings that IL-1 and the IL-1RI have a significant rolein the innate 
immune response to adenovirus’, and is also consistent with the 
requirement for adenoviral DNA to mediate the innate response”. 
Similarly, the inflammasome-dependent IL-18 was shown to have a 
major role in the protection against HSV-I (ref. 21), The identifica 
tion of the inflammasome as an antiviral innate mechanism is also 
consistent with data demonstrating a PYD-containing protein 
(MI3L) encoded by myxoma virus that disrupts the NALP-ASC 
interaction and caspase-1 activation’, an important immunomodu- 
latory strategy to circumvent host antiviral responses. 

In addition to detecting viral DNA, the inflammasome also 
responded to cytoplasmic mammalian genomic DNA, bacterial 
DNAand synthetic DNA. Unexpectedly, the response to transfected 
cytoplasmic DNA occurred in a NALP3-independent manner, but 
telied on ASC and caspase-1. Because ASC is part of the NALP 
inflammasome complex, it is likely that NALP inflammasomes con- 
stitute the sensing platform of cytoplasmic DNA. Alternatively, a 
NALP-independent mechanism, requiring only ASC for the activa- 
tion of the inflammasome as recently proposed, cannot be 
excluded**, How the DNA is sensed is currently not clear. We have 
no evidence that the only characterized cytosolic DNA sensor, DAI, is 
involved (data not shown). 

Our data clearly identify the NALP/ASC inflammasomes and IL- 
1B as an alternative innate mechanism to type I IFN capable of sens- 
ing cytoplasmic DNA and of triggeringa pro-inflammatory response. 
This has a number of implications. First, it is likely that the NALP3 
inflammasome has an important role in the host response to DNA 
virus infection in general. Second, our data raise the possibility that 
autoimmune diseases such as systemic lupus erythematosus (SLE) 
might involve the dysregulation of the inflammasome. Because many 
patients of such diseases form immune complexes to dsDNA by 
means of autoreactive antibodies, the elevated IL-1B levels observed 
during active disease might be explained via this mechanism**, 
Similarly, chronic arthritis caused by mammalian DNA that escapes 
from degradation is associated with increased levels of IL-1 and IL- 
18. Indeed, one form of SLE and rheumatoid arthritis was recently 
found to be associated with mutations in the NALPI gene**. The 
identification ofthe inflammasome asa general sensor ofcytoplasmic 
DNA may therefore lead to new antiviral therapies and to new 
insights and treatments for nucleic-acid-dependent autoimmune 
diseases. 


METHODS SUMMARY 

Viruses and viral vectors, Wild-type serotype 5, serotype 3 adenovirus, serotype 
5 adenovirus vectors and helper-dependent adenovirus vectors were propagated 
and purified as previously described**"*. Empty serotype 5 adenovirus capsids 
were generated using the helper-dependent adenovirus vector system and 293- 
Cre cells, as previously described”, 

Animal studies. Mice genetically deficient for caspase-1 (Casp!), Asc, Nalp3, 
Ipaf, interferon receptor 1 (Ifnarl) or TIr9 were on a C57BL/6 background™™, 
For in vivo studies, mice were injected intraperitoneally with 2 X 10" particles of 
adenovirus vector. 

Cell culture, Human THP-1 cells were differentiated for 24h with PMA 
(100 nM), Mouse peritoneal macrophages were isolated using 4-10% thioglycol- 
late solutionand stimulated with 1-0ng ml ultra-pure LPS (Invivogen), Viral 
infection/transduction was performed using 10° particles per cell for adenovirus 
vectors or multiplicity of infection 100:1 for wild-type adenovirus 3.and 5. 
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DNA isolation, plasmids and transfections, Human and viral genomic DNA 
was isolated from THP-1 cells and adenovimus by standard protocol. DNA of 
varying length was amplified in standard PCR reactions using oligonucleotides 
specific to the mouse Gapd gene and to regions of the human RANTES (Ccl5) 
and mouse IP-10 (Cac110) promoters. PCR products were pooled, ethanol pre- 
cipitated and re-suspended in water. Complimentary sense and antisense oligo- 
nucleotides (40 bp) were synthesized and annealed to obtain dsDNA fragments, 
Bacterial DNA vas isolated from E. coli. To remove contaminating LPS from the 
DNA preparation, E, coli DNA was incubated with polymyxin B (50 ug ml-*) at 
room temperature for 30min, DNA was ethanol precipitated twice and re- 
suspended in endotoxin-free water. Single-stranded DNA, poly(deoxyadenosine: 
deoxythymidine) (poly(dA:dT)) DNA, CpG oligonucleotides, poly(inosine: 
cytosine) (poly(l:C)) and R837 were obtained from commercial sources, 
‘Transfections were performed using Lipofectamine 2000 (4 u1ml~') as per the 
manufacturer's protocol (Invitrogen). All transfections were performed using 
1-2 yg of DNA. 


Full Methods ard any associated references are avilable in the online version of 
the paper at www.nature.com/nature. 
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A peptide deformylase-ribosome complex reveals 
mechanism of nascent chain processing 


Rouven Bingel-Erlenmeyer’, Rebecca Kohler’, Giinter Kramer’, Arzu Sandikci’, SnjeZana Antolic'+, Timm Maier’, 
Christiane Schaffitzel’, Brigitte Wiedmann’*, Bernd Bukau” & Nenad Ban’ 


Messenger-RNA-directed protein synthesis is accomplished by 
the ribosome'*. In eubacteria, this complex process is initiated 
by a specialized transfer RNA charged with formylmethionine 
(tRNA™“)**, The amino-terminal formylated methionine of all 
bacterial nascent polypeptides blocks the reactive amino group to 
prevent unfavourable side-reactions and to enhance the efficiency 
of translation initiation”*. The first enzymatic factor that processes 
nascent chains is peptide deformylase (PDF)**"'; it removes this 
formyl group as polypeptides emerge from the ribosomal tunnel’** 
and before the newly synthesized proteins can adopt their native 
fold, which may bury the N terminus. Next, the N-terminal methio- 
nine is excised by methionine aminopeptidase", Bacterial PDFs are 
metalloproteases sharinga conserved N-terminal catalytic domain. 
All Gram-negative bacteria, including Escherichia coli, possess 
class-1 PDFs characterized by a carboxy-terminal a-helical exten- 
sion". Studies focusing on PDF as a target for antibacterial 
drugs'*'* have not revealed the mechanism of its co-translational 
mode of action despite indications in early work that it co-purifies 
with ribosomes'’. Here we provide biochemical evidence that 
E. coli PDF interacts directly with the ribosome via its C-terminal 
extension. Crystallographic analysis of the complex between the 
ribosome-interacting helix of PDF and the ribosome at 3.7 A reso- 
lution reveals that the enzyme orients its active site towards the 
ribosomal tunnel exit for efficient co-translational processing of 
emerging nascent chains. Furthermore, we have found that the 
interaction of PDF with the ribosome enhances cell viability. 
These results provide the structural basis for understanding the 
coupling between protein synthesis and enzymatic processing of 
nascent chains, and offer insights into the interplay of PDF with the 
ribosome-associated chaperone trigger factor. 

We probed PDE interaction with the ribosome by using a sedi- 
mentation assay in which N-terminally Strep-tagged PDE was incu- 
bated with purified, non-translating E. coli 70S ribosomes, 50S or 30S 
subunits. Strep-PDF was detected only in pellets of samples con- 
taining 70S (Supplementary Fig. 1a) or 50S (Fig. 1a and b), demon- 
strating a direct interaction with the large ribosomal subunit. This 
association is specific, with a defined stoichiometry, because even a 
25-fold molar excess of Strep-PDF did not yield a considerably stran- 
ger signal than observed for a one-to-one complex (Fig. 1a). Also, 
surface plasmon resonance analysis gave best fits when using a one- 
to-one model (Supplementary Fig. 2). The obtained affinity of PDF 
for the 50S subunit (dissociation constant Kp = 2.5 + 1.0,1M), 
agrees well with that for the entire ribosome (Kp = 1.8 + 0.9 HM; 
Supplementary Table 1). 

Our finding that the PDF-ribosome interaction is salt-sensitive 
(Supplementary Fig. 1b) indicated that complementary charge 


interactions are at least partially responsible for the association. We 
therefore reasoned that the positively charged C-terminal helix of 
PDF (Supplementary Fig. 3a), which is not critical for catalytic acti- 
vity in vitro'’, might be responsible for interactions with the ribo- 
some; we therefore generated a deletion construct (Strep-PDFAC, 
Fig. 1c). We also cloned the construct Strep-Trx-PDFc147, in which 
only the C-terminal helix of PDF is fused via a flexible linker to E. coli 
thioredoxin (Trx) (Fig, 1c and d and Supplementary Fig. 1d). The 
truncated version Strep-PDFAC lost the ability to bind the ribosome 
in surface plasmon resonance experiments (Supplementary Table 1) 
andin the sedimentation assay (Fig. 1d and Supplementary Fig. Ic). 
In contrast, fusing the C-terminal helix of PDF to Trx resulted in its 
binding to the 50$ subunit (Fig. 1d) with a Kp of 1.30.5 1M, in 
agreement with the value for full-length PDF (Supplementary Table 
1). These experiments demonstrate that the C-terminal helix of PDF 
serves as binding module for ribosome association. 

On the basis of our biochemical results, we designed crystal- 
lographic experiments. We reasoned that structural data forthe bind- 
ing of the C-terminal helix alone would give us insights into the 
precise positioning of PDF at the ribosomal exit because: (1) it is 
the main determinant of ribosome binding and (2) it is in a fixed 
disposition with respect to the catalytic core domain, as is shown by a 
number of high-resolution X-ray structures of full-length PDE in 
different crystal forms (Supplementary Fig. 3b). 

E coli 70S crystals, diffracting to 3.7 A resolution (Supplemen- 
tary Table 2) were soaked with a synthetic peptide of the C-terminal 
PDF ribosome-binding helix (residues 147-168). The crystal- 
lographic data show that the binding helix of PDF is tucked into a 
groove between ribosomal proteins L22 and L32 in the vicinity of the 
C terminus of L17 (which is established as the main crosslinking 
partner of PDF; Supplementary Fig, 4), with L22 serving as the major 
docking site (Fig. 2a, Supplementary Fig, 5). We observed three main 
interactions between the helix and the ribosome: Leu 149 inserts into 
a hydrophobic pocket of L22, Arg 153 formsa salt bridge with Glu 59 
of 122, and Lys 157 of PDF interacts with the helix 24 of domain I of 
the 23S ribosomal RNA. These residues are conserved throughout 
bacterial class 1 PDFs (Fig. 2b) and should be considered as major 
determinants for ribosome association. 

To investigate the importance of the C-terminal helix for the func- 
tion of PDE in vivo, we performed a complementation analysis by 
expressing PDF or PDFACII (lacking residues 151-168) in the E. coli 
strain MG1655, which is deficient in the authentic defgene encoding 
PDF. The expression levels of PDF in the absence of arabinose are so 
low that cells exhibit severely impaired growth (Fig. 3a). A gradual 
increase of arabinose concentration restores the growth of the cells 
expressing PDF and PDFACII. Westem blot analysis demonstrated 
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the presence of equivalent expression levels of PDFACII and PDF 
(Eig. 3b), Nevertheless, we observed a clearly reduced plating effi- 
ciency and a growth rate diminished at least tenfold for cells expres- 
sing PDF lacking the C-terminal helix (Fig. 3a). 

The binding studies presented here, together with earlier deletion 
studies'®, suggest a functional separation in E.coli PDF: the 
N-terminal domain being exclusively involved in catalytic activity, 
whereas the C-terminal helix mediates binding to the ribosome. 
Because both parts of the enzyme are structurally conserved, we pro- 
pose that the C-terminal helix serves as a general ribosome-binding 
module for bacterial class 1 PDFs, It remains to be elucidated whether 
the C-terminal extension in bacterial class 2 PDFs, featuring a loop 
with a short -strand, fulfils a similar function'*. 

PDF adopts a unique conformation, as observed in various crystal 
structures (Supplementary Fig. 3b), so superimposing the structure 
of full-length E. coli PDF” based on its C terminus onto the structure 
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Figure 1| PDF specifically binds to the 50S ribosomal subunit via its 
C-terminal helix. a, 50S ribosome sedimentation assay containing 1 uM of 
non-translating E. coli 50S ribosomes and different concentrations of Strep- 
tagged PDE. A positive control (pos.) was loaded as a reference (for details 
see Methods). b, Comparison of the interaction of 5 iM Strep-PDE with 

1 [IM of 308, 508 and70S, respectively, using the same method as ina. ¢, PDF 
constructs used in the ribosome sedimentation assays to determine the 
ribosome-binding region of PDE. d, Ribosome sedimentation assay asin 
a, using different Strep-tagged PDF constructs to dissect the two PDF 
domains for ribosome binding. 
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of the ribosome-bound helix provides an accurate model for the 
positioning of PDF on the ribosome: PDF orients the entrance of 
its active site towards the ribosomal exit tunnel (Fig. 4a) at a distance 
of ~35 A, equivalent to 13 amino acids in an extended conformation. 
Considering that about 35 amino acids are necessary to reach from 
the peptidyl transferase centre to the tunnel exit™, a nascent chain of 
about 45 to 50 residues would be sufficiently long to reach the active 
site of ribosome-bound PDF, in excellent agreement with previous 
results", 
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Figure 2 | Interaction of the C-terminal helix of PDF with the ribosome. 

a, Surface representation of the ribosome in the region of the exit tunnel 
(star) shown with an unbiased F, — F, omit map around the bound helix 
(black ribbon) contoured in red at the 2.0¢ level. b, Sequence alignment of 
the C-terminal helix of bacterial class 1 PDF. Conserved residues are 
highlighted (red, 100%; yellow, 80% conservation). Key interactions of the 
binding helix with ribosomal protein L22 (residues L33, 155, 166, and E59) 
and the phosphate backbone (P) of the ribosomal RNA are schematically 
shown in the lower part of the panel. The length of the peptide used in 
soaking experiments is marked by a frame and the o-helical secondary 
structure of the wild-type PDF is indicated. 
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As observed for PDF, the ribosome-associated chaperone trigger 
factor interacts with nascent chains when they reach ~40 amino 
acids. Owing to their complementary roles in co-translational pro- 
cessing and folding of nascent chains, it is likely that the trigger factor 
and PDF work in concert. Combining the structural information on 
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Figure 3 | Growth analysis comparing the in vivocomplementation abilities 
of PDF and PDFACII. a, Spot tests of MG1655Adef::kan complemented with 
either full-length PDF or PDFACTI lacking the C-terminal helix. 1:10 serial 
dilutions of overnight cultures of both strains were spotted onto Luria-Broth 
(LB) plates containing the indicated L(+)-arabinose concentrations and 
incubated overnight at 37 °C. b, Steady-state levels of PDF (lanes 2 and 4) or 
PDFACII (lanes I and 3) in cells grown in liquid culture in LB containing the 
indicated L(+)-arabinose concentrations, 


the binding of trigger factor to the ribosome” with the results 
described here, we propose a model for their simultaneous action 
(Fig. 4b and c). Emerging nascent chains are greeted by the chaperone 
trigger factor, which forms a hydrophobic molecular cradle under- 
neath the ribosomal exit tunnel and initially delays protein 
folding”. This cradle, as a consequence of the multi-domain structure 
of the trigger factor’*—which resembles a dragon with a tail, back, 
arms and head—is open on several sides, enabling the trigger factor 
to serve as a passive router that channels nascent chains into various 
processing steps (Fig. 4d). PDF, the first enzyme that processes 
nascent chains, binds to the ribosome next to the trigger factor and 
positions its active site towards one of the lateral openings between 
the arms and the ribosome-binding tail where nascent polypeptides 
emerge from the ribosomal tunnel (Fig. 4b and c). To reach the active 
site of PDF, nascent polypeptides would not have to leave this 


Figure 4 | Model for the concerted mechanism of PDF and trigger factor. 
a, PDF (catalytic domain in dark red, C-terminal helix in red, substrate 
shown as yellow spheres) superimposed onto the ribosome-bound helix. A 
star marks the exit tunnel. b, View through the cradle of the trigger factor (in 
blue, TF, active site residues of the peptidyl-prolyl-cis/trans-isomerase 
(PPlase) in orange spheres) across the exit tunnel towards the active site of 
PDF (colouringasin a). An arrow indicates the route from theexit tunnel to 
the active site of PDF. ¢, Footprints of PDF (red) and trigger factor (blue, TF) 


no 


on the ribosome, from crystallographic data, Filled areas indicate binding 
sites for PDF and trigger factor, projections are showa as outlines in the 
same colours (view onto the exit tunnel). d, A schematic of the trigger factor 
(blue, TE) with its two arms and ribosome-binding domain (contact point) 
forming a hydrophobic nascent chain folding and processing chamber and 
functioning as a router, viewed from the ribosomal tunnel. Methionine- 
aminopeptidase (MAP) and PDF close the lateral openings of the trigger 
factor. 
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shielded environment. PDFis present in sub-stoichiometric amounts 
relative to the ribosome, so it will use its rapid binding and dissoci- 
ation, as indicated by our surface plasmon resonance measurements 
(Supplementary Information), to sample translating ribosomes, 
while the more abundant trigger factor remains attached for longer 
periods during ongoing protein synthesis™. 

After deformylation the unmasked N-terminal methionine is 
cleaved by methionine aminopeptidase, which associates with the 
60S subunit in yeast", and was suggested to interact with ribosomes 
via ribosomal protein L24 in Mycobacterium tuberculosis’. This 
would position methionine aminopeptidase on the opposite site of 
PDF, where the second lateral opening of the trigger factor is situated 
(Big. 4d), Therefore, after the removal of the formyl group the nas- 
cent peptide may be transferred to methionine aminopeptidase while 
still being protected by the trigger factor cradle. Nascent chains will 
then continue to fold, aided by the trigger factor and its peptidyl- 
prolyl-cis/trans-isomerase enzymatic activity, which is located in the 
vicinity of the third opening of the cradle between the arms of the 
trigger factor. Although transient and dynamic, such an assembly 
could beconsidered as a dedicated nascent chain folding and proces- 
sing chamber at the exit of the ribosomal tunnel. 

Our in vivo data emphasizes the importance of ribosome asso- 
ciation mediated by the C-terminal helix in the living cell. The intra- 
cellular PDF concentration” is ~2.5 iM, compared to a ribosome 
concentration”? of 15 iM. Therefore, it is possible that under physio- 
logical concentrations of PDF, only wild-type PDE, which is targeted 
with micromolar affinity to the ribosome viaits C-terminal helix, will 
achieve local concentrations of the enzyme sufficient to ensure highly 
efficient processing of nascent chains. 

‘The results presented here reveal an important cellular interaction 
between the ribosome and PDF. Moreover, they provide the struc- 
tural framework for future studies aimed at revealing dynamic and 
temporal aspects of the interaction between the ribosome and various 
factors involved in co-translational processing and folding of nascent 
chains. These factors probably work on the ribosome in a highly 
organized and concerted manner, directed by specific interactions 
with the ribosome and controlled by finely balanced relative affinities 
and dynamics of their binding equilibria. 


METHODS SUMMARY 


PDE constructs bearing an N-terminal Strep-tag II were expressed in E. coliand 
purified using Strep-Tactin Sepharose and a HiLoad 16/60 Superdex75 prep 
grade gel filtration column. E, coli ribosomes were purified using ultracentrifu- 
gation steps. Ribosome sedimentation assays were carried out using a Beckman 
Optima Max ultracentrifugeand a TLASS rotor. Ribosomal pellets were analysed 
by immuno-detection of the N-terminal Strep-tag II of the PDF constructs. To 
investigate the finction of PDF in vivo, we performed complementation experi 
ments using strains lacking the authentic def gene and expressing either PDF 
or PDFACII from a chromosomally integrated plasmid under the control of 
the tightly controlled arabinose promoter. E, coli 70S crystals were obtained as 
described” and soaked with 15 mM of a peptide purified by high-performance 
liquid chromatography (HPLC). Crystallographic data were collected at the SLS 
of the Paul Scherrer Institute, Deposited coordinates! were used as a starting 
model and refined employing PHENIX. 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Transient cyclical methylation of promoter DNA 


Sara Kangaspeska!*, Brenda Stride'*+, Raphaél Métivier’, Maria Polycarpou-Schwarz!, David Ibberson!, 
Richard Paul Carmouche’, Viadimir Benes’, Frank Gannon'} & George Reid’ 


Methylation of CpG dinucleotides is generally associated with epi- 
genetic silencing of transcription and is maintained through cel- 
lular division'*. Multiple CpG sequences are rare in mammalian 
genomes, but frequently occur at the transcriptional start site of 
active genes, with most clusters of CpGs being hypomethylated*, 
We reported previously that the proximal region of the trefoil 
factor 1 (TFFI, also known as pS2) and oestrogen receptor a 
(ERa) promoters could be partially methylated by treatment with 
deacetylase inhibitors’, suggesting the possibility of dynamic 
changes in DNA methylation. Here we show that cyclical methyla- 
tion and demethylation of CpG dinucleotides, with a periodicity of 
around 100min, is characteristic for five selected promoters, 
including the oestrogen (E2)-responsive pS2 gene, in human cells. 
When the pS2 gene is actively transcribed, DNA methylation 
occurs after the cyclical occupancy of ERa and RNA polymerase 


II (poll). Moreover, we report conditions that provoke methyla- 
tion cycling of the pS2 promoter in cell lines in which pS2 
expression is quiescent and the proximal promoter is methylated. 
This coincides with a low-level re-expression of ERa and of pS2 
transcripts. 

Cell-specific patterns of cytosine methylation occur on approxi- 
mately 60% to 90% of CpG dinudeotides within the somatic 
genomes of vertebrates®, The pattern of methylation on DNA is 
maintained through cellular replication, predominantly by the action 
of the methyltransferase DNMT1, which preferentially acts on 
hemimethylated CpG substrates. DNMT3a and DNMT3b have been 
assignedas the cellular de novo methyltransferases because they target 
unmethylated and hemimethylated substrates with comparable effi- 
ciencies’, We and others have shown that ERa. cyclically engages 
with target gene promoters to initiate the sequential recruitment of 
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Figure 1| The methylation status of the pS2 promoter cycles on release 
from synchronization. a, A schematic overview of relevant features of the 
p82 promoter is shown. NucE and NucT are phased nucleosomes associated 
with the oestrogen response clement (ERE) and TATA box, respectively. The 
positions of CpG dinucleotides are marked by vertical lines, and those within 
the sequence CCGG are marked as Hpall sites (filled circles) with the TSS 
denoted as +1. b, MCE-7 cells were cultured for 72h in oestrogen-free 
media, E2 (1 X 10~* M) was then added and genomic DNA subsequently 
prepared at ten-min intervals. After fragmentation by sonication, DNA 
fragments containing methylated CpG dinucleotides were selectively 
isolated using the MBD of human MECP2 fused to GST. The proportion of 
pS2and PPIA promoter DNA selectively captuted, compared with total 
input DNA, was monitored by qPCR (b, top panel) and by endpoint PCR 
(b, bottom panel). c, The methylation status of CCGG sites close to the 
TSS of the pS2 promoter were then kinetically evaluated using the 


methylation-sensitive restriction enzyme Hpall in conjunction with PCR. 
‘After synchronization by release from E2 deprivation, genomic DNA was 
digested with Hpall or with the methylation-insensitive isoschizomere 
‘MspI, and subjected to PCR with primers flanking the enzyme-recognition 
site encompassing the CpG at position —20 or a control region in the 5’ 
region of the p$2 promoter that contains no Hpall sites. Undig., undigested. 
d, This procedure was also characterized by qPCR; however, in this case, 
primers were used that allow the individual Hpall sites at 20, —84 and 
—354 bp to be probed. e, f, MCF-7 cells were treated for 1h with 300 nM 
doxorubicin, which was then removed by washing and media replacement. 
Serial samples were processed by the GST-MBD pull-down procedure (e) or 
by ChIP (f) with the antibodies as indicated. Primers specific for the pS2 and 
PPIA promoters were used to determine the proportion of promoter DNA 
captured by each affinity isolation; mean values s.em. are shown, n= 2. 
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transcription factor complexes that promote and then limit tran- 
scription of responsive genes, Here we show that, similarly, cyc- 
lical methylation of promoter DNA occurs on a timescale of tens of 
minutes. 

Our initial observations were made on the E2-responsive pS2 pro- 
moter, a schematic representation of which is shown in Fig. la. A 
rapid, quantitative, affinity isolation procedure using the methyl- 
binding domain (MBD) of methyl CpG-binding protein 2 
(MECP2) was developed to characterize the methylation status of 
DNA (Supplementary Fig. 1). In brief, genomic DNA was isolated 
and fragmented by sonication to an average size of approximately 
300bp, and DNA containing symmetrically methylated °““CpG was 
selectively isolated using the glutathione S-transferase (GST)-MBD 
fusion protein. The ERa-positive, E2-dependent cell line MCE-7 was 
maintained in oestrogen-free medium for three days to minimise 
activity of the pS2 promoter. E2-responsive promoters were then 
synchronously activated by the addition of E2, Cells were collected 
at ten-minute intervals for threehours and subjected to the GST- 
MBD pull-down assay, which was evaluated using primers encom- 
passing the p52 promoter close to the transcriptional start site (TSS, 
Fig. 1a). The pS2 promoter is initially unmethylated (Fig. band Sup- 
plementary Fig. 2), with two cycles of DNA methylation observed in 
the three hours after addition of E2, and broad peaks occurring between 
20 and 50 min and between 120 and 150min (Fig. 1b). By contrast, 
methylation of the peptidyiprolyl isomerase A (PPIA) promoter, con- 
stitutively expressed in MCE-7 cells, was not observed (Fig. 1b). 

The methylation-sensitive restriction endonuclease Hpall, which 
does not cleave hemimethylated or fully methylated C>M*CGG 
sequences, was used to evaluate cycling of the CCGG site at —20 
relative to the TSS of the pS2 promoter on release from E2 depriva- 
tion. Periodic methylation, similar to that observed using the GST- 
MBBD fusion procedure, was detected by endpoint PCR evaluating the 
methylation status of the CpG sequence at position —20 (Fig. 1c) and 
by quantitative PCR (qPCR) using primer sets that individually 
evaluate the methylation status of CpGs at positions —354, —84 
and —20 relative to the TSS (Fig. 1d). We next developed a pro- 
moter-synchronization methodology designed to facilitate the evalu- 
ation of E2-independent genes. Cells were treated for one hour with 
300nM doxorubicin, which prevents transcription by intercalating 
into GC-rich regions of DNA and by compromising topological 
changes required for the function of RNA polymerase II and topoi- 
somerases I and II (ref. 11). Additionally, by intercalating into DNA, 
doxorubicin perturbs the action of DNMTI (ref. 12) and potentially 
may affect the action of other components of the transcriptional 
machinery. Synchronous release from doxorubicin blockade was 
then achieved by washout. The methylation status of the 5’ proximal 
pS2 promoter in doxorubicin-treated MCE-7 cells showed cyclic 
changes with kinetics similar to that seen after release from E2 
deprivation (Fig. 1e and Supplementary Fig, 3). Additionally, dox- 
orubicin synchronization induced cyclical changes in the occupancy 
of the pS2 promoter by ERx, poll and acetylated H4 (AcH4,a marker 
of transcriptional permissiveness on histones), as determined by 
chromatin immunoprecipitation (ChIP), albeit with different 
kinetics to those induced when promoters are synchronized by 
-amanitin, an inhibitor of polll (refs 9 and 10). Histone H1, assoc- 
iated with condensed chromatin, was never present on the pS2 pro- 
moter in MCF-7 cells, Promoter methylation is coincident with, but 
persists longer than, the initial productive cycle. A subsequent round 
of methylation then occurs after the productive wave of the second 
cyde (Fig. 19). 

Doxorubicin promoter synchronization was then used to evaluate 
proximal promoter methylation of an additional four genes that are 
highly expressed in MCE-7 cells and that are subject to rapid tumover 
at the messenger RNA level (Supplementary Fig. 4). Kinetic analysis 
using the GST-MBD pull-down procedure was performed after 
doxorubicin blockade and release. All promoters analysed —ERa 
(Fig. 2a), TFF3 (Fig. 2b), glutamate receptor, metabotropic 4 
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(GRM4, Fig. 2c) and the inwardly rectifying potassium channel J8 
(KCNJ8, Fig. 24)—demonstrate cyclical changes in promoter methy- 
lation after promoter synchronization with doxorubicin treatment, 
as analysed either by qPCR (middle panels) or by endpoint PCR 
(lower panels). 

The discovery that periodic changes in the methylation status 
occur on the pS2 promoter in oestrogen-dependent cells prompted 
an evaluation of the plasticity of pS2 promoter methylation in cells in 
which high levels of methylation may contribute to a restriction of 
gene expression, High levels of p52 mRNA are present in the ERo- 
positive cell line MCF-7, but not in the ERo.-negative cell line MDA- 
MB-231 (Fig, 4a), This correlates with an increase in the proportion 
of methylated CpG dinucleotides close to the TSS, as determined by 
bisulphite sequencing (Fig. 3a and Supplementary Fig. 2). Transient 
exposure todoxorubicin resulted in areduction of methylation of the 
proximal p$2 promoter in MDA-MB-231 cells, with hypomethyla- 
tion occurring approximately 45 min after the addition of doxoru- 
bicin (Fig. 3b, left panel). ChIP analysis indicated that demethylation 
occurs after an exclusion of DNMT], recruitment of DNMT3a and 
DNMT3band the transient recruitment of thymine-DNA glycosylase 
(TDG; Fig. 3b, right panel). These findings are consistent with events 
proposed to induce cytosine demethylation’*. Promoter release from 
doxorubicin blockade resulted in cyclical changes in the methylation 
status of the proximal promoter of the pS2 gene in MDA-MB-231 
cells (Fig. 3c, top left panel). Similar demethylation in response to 
doxorubicin treatment as well as cyclical methylation/demethylation 
in response to rdease from blockade were also observed on the pS2 
promoter in Hela cells (Supplementary Fig. 5). Kinetic ChIP analysis 
indicates that histone H1 remained associated with the pS2 promoter 
after release from doxorubicin synchronization, although cyclical 
changes in the acetylation status of histone H4 and low-level recruit- 
ment of pollI did occur (Fig. 3c, top right panel), Synchronization by 
e-amanitin induces cyclical methylation of the — 20 CpG dinucleo- 
tide in MCE-7 cells (Fig. 3c, bottom left panel). However, unlike 
doxorubicin, @-amanitin did not induce demethylation of pS2 
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Figure 2 | Cyclical changes in methylation status occur on promoters of 
several genes. Serial samples of genomic DNA after synchronization with 
doxorubicin were subjected to GST-MBD affinity isolation, and the 
proportion of methylated DNA determined relative to input levels by qPCR 
(middle panels) and by end-point PCR (lower panels) were measured for: 
a, ERa 5’ transcribed region; b, TFF3 5’ transcribed region; ¢, GRM4 
proximal promoter; and d, KCNJ8 proximal promoter, The schemes at the 
top of each panel indicate the TSS, the occurrence of CpGs, the position of 
exon 1 and the position of the PCR primers used. 
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promoters in MCF-7 cells before washout and, in agreement with its 
inhibitory effect on polll, did not induce cyclical methylation in 
MDA-MB-231 cells (Fig. 3c, bottom right panel). 

Transcription generally opposes a repressive environment in 
which multiple regulatory restrictions have to be overcome before 
a gene is expressed'™”. Functionally, cyclical changes in promoter 
CpG methylation may parallel changes that occur to the pattern of 
covalent modifications to histone tails, known as the histone code, 
which is a well characterized example of covalent marks that dynam- 
ically influence transcription'™’, We evaluated the effect that 
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Figure 3 | Doxorubicin induces cyclical changes in the methylation status 
of transcriptionally inactive promoters. a, Bisulphite sequencing of the 
upper and lower strands of the p$2 proximal promoter in MCF-7 (left) and 
in MDA-MB-231 (right) cells was performed to determine the proportion of 
CpG sites methylated at each occurrence of CpG. b, After addition of 300nM 
doxorubicin to MDA-MB-231 cells, the methylation status of the p52 
promoter was characterized by the GST-MBD isolation procedure (b, left 
panel). Serial samples of MDA-MB-231 cells treated with 300nM 
doxorubicin were subject to ChIP analysis with the indicated antibodies; 
mean values * s.e.m., = 2, are shown (b, right panel). ¢, The methylation 
status of the pS2 promoter in MDA-MB-231 cells cycles after release from 
doxorubicin blockade, characterized by selective purification using the 
GST-MBD fusion protein (¢, top left). AcH4 and, to a lesser extent, polll, 
cyclically associate with the p$2 promoter on release from doxorubicin 
synchronization, as determined by ChIP with the indicated antibodies (¢, top 
right; mean values * s.e.m., n= 2 are shown). Whereas synchronous 
promoter release from %-amanitin treatment induces cycling in MCF-7 cells 
(c, bottom left), it does not induce either demethylation or cyclical 
methylation of the pS2 promoter in MDA-MB-231 cells (¢, bottom right). 
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doxorubicin-induced methylation cycling in MDA-MB-231 cells 
has on gene expression, There is no detectable expression of ERa: or 
of pS2 in MDA-MB-231 cells (Fig. 4a), and the promoter DNA is 
extensively methylated (Supplementary Figs 2 and 5); however, low- 
level re-expression of ER protein (Fig, 4b) and pS2 mRNA (Eig. 4c) 
occur after exposure to doxorubicin for one hour, Active cytosine 
demethylation in response to glucocorticoid-induced development 
that is dependent on topoisomerase activity has been described for 
the tyrosine aminotransferase gene”*, By analogy, transient inhibition 
of topoisomerase II activity by doxorubicin may induce similar 
effects on a subset of promoters, indicating that methylation cycling 
alone is insufficient to provoke robust mRNA expression. This is 
reflected in the limited re-expression of ERo protein and pS2 
mRNA, despite most of promoters in the cell population exhibiting 
cyclical changes in their methylation status. Kinetic ChIP analysis of 
the pS2 promoter in MDA-MB-231 cells after doxorubicin synchron- 
ization suggests that local chromatin remains predominately assoc- 
iated with histone H1 and is likely to be condensed. By contrast, 
cyclical changes in the acetylation status of histones H3 (not shown) 
and H4 occur. 

‘The observation that broadly similar kinetics of transitory methy- 
lation were obtained using different methodologies to synchronize 
the pS2 promoter (release from E2 deprivation and from o-amanitin 
and doxorubicin blockade) and using five different promoters syn- 
chronized by doxorubicin treatment (pS2, ERa, TFF3, GRM4 and 
KCNJ8) may indicate that common sets of events mediate promoter 
cycling. Further insights into the mechanism and timing of dynamic 
methylation events on the pS2 promoter in response to E2 and 
-amanitin treatment are provided ina related paper’. Transitory 
modifications in the methylation status of promoters may provide a 
mechanistic link between transcription and longer term changes in 
the epigenetic status of promoters. In particular, the finding that 
doxorubicin can be used to modify the expression of transcribed 
and quiescent promoters provides a general methodology to analyse 
the role of eydical methylation in gene expression. 
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Figure 4 | ERa and pS2 are re-expressed at low levels after transitory 
treatment with doxorubicin. a, The relative expression of ERa and pS2 
mRNA was monitored by reverse transcription (RT)-qPCR on RNA isolated 
from MCE-7 and MDA-MB-231 cells, shown as mean values * s.d., n = 3. 
Levels were normalized to PPIA mRNA, which shows no changes in 
methylation status or expression under the conditions used. b, ER, detected 
by HC-20 (Santa-Cruz) in western blot analysis, shows a small, transient re- 
expression after release from 1h treatment with doxorubicin. c, Similarly, 
p82 mRNA shows transient, low-level re-expression on release from 1h 
doxorubicin blockade; mean values + s.d., n = 3, are shown. For c, MDA- 
MB.-231 cells were used. 


NATURE|Vol 452|6 March 2008 


METHODS SUMMARY 

Genomic DNA isolation, GST-MBD pull-down assays and ChIP. Genomic 
DNA was isolated as described". GST-MBD fusion protein preparation and the 
GST-MBD pull-down were performed as detailed in the Methods. Quantitative 
PCR (ABI Prism 7500 System, Applied Biosciences) was used to characterize 
regions of interest, with primers used reported in Supplementary Table 1 (see 
Methods). ChIP was performed as described previously”. 
Methylation-sensitive restriction enzyme analysis and bisulphite sequencing. 
Restriction endonuclease analysis and bisulphite sequencing were performed as 
described, Primer sets used for PCR of digested samplesand bisulphite sequen- 
cingare reported in Supplementary Table 1. Three biological replicates were used 
for each bisulphite conversion reaction, with a minimum of 12 clones per cell 
line, with both DNA strands subjected to sequencing. 

RT-PCR and qPCR. For reverse transcription PCR, ~1 X 10° cells were lysed in 
‘TRIzol reagent (Invitrogen), and RNA isolated according to the manufacturers’ 
instructions. RNA was reverse transcribed using the Superscript III First-Strand 
Synthesis System (Invitrogen) and subjected to qPCR (ABI Prism7500 System, 
Applied Biosciences), with primers shown in Table I (see Methods) 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Structure of the DNA deaminase domain of the HIV-1 
restriction factor APOBEC3G 


Kuan-Ming Chen'?*, Elena Harjes’?*, Phillip J. Gross’?**, Amr Fahmy’, Yongjian Lu’, Keisuke Shindo’”, 


Reuben S. Harris’? & Hiroshi Matsuo’? 


The human APOBEC3G (apolipoprotein B messenger-RNA- 
editing enzyme, catalytic polypeptide-like 3G) protein is a single- 
strand DNA deaminase that inhibits the replication of human 
immunodeficiency virus-1 (HIV-1), other retroviruses and 
retrotransposons'*. APOBEC3G anti-viral activity is circum- 
yented by most retroelements, such as through degradation by 
HIV-1 Vif’. APOBEC3G is a member ofa family of polynucleotide 
cytosine deaminases, several of which also target distinct physio- 
logical substrates. For instance, APOBECI edits APOBmRNA and 
AID deaminates antibody gene DNA*"*. Although structures of 
other family members exist, none of these proteins has elicited 
polynucleotide cytosine deaminase or anti-viral activity''’*. 
Here we report a solution structure of the human APOBEC3G 
catalytic domain. Five a-helices, including two that form the 
zinc-coordinating active site, are arranged over a hydrophobic 
platform consisting of five B-strands. NMR DNA titration experi- 
ments, computational modelling, phylogenetic conservation and 
Escherichia coli-based activity assays combine to suggest a DNA- 
binding model in which a brim of positively charged residues 
positions the target cytosine for catalysis. The structure of the 
APOBEC3G catalytic domain will help us to understand functions 
of other family members and interactions that occur with patho- 
genic proteins such as HIV-1 Vif. 

Full-length human APOBEC3G (also known as A3G) is prone to 
aggregation and precipitation, especially at high concentrations’. 
Residues 198-384 are sufficient for DNA deamination but are 
similarly insoluble’, To circumvent this problem, we tested 31 
individual lysine substitution derivatives of A3G(198-384) for 
activity and solubility. Activity was measured using an E. coli-based 
rifampicin-resistance (Rif) mutation assay, which provides a 
sensitive genetic readout of DNA cytosine deamination activity 
(for example, see refs 12 and 18), As observed previously for alanine 
substitutions at these positions'*, many of the lysine substitution 
mutants retained activity (Supplementary Fig. 1). Several variants, 
induding L234K and F310K, had improved solubility. L234K and 
F310K were combined to yield a protein that was 2.4-fold more 
active and 4-fold more soluble (Fig. 1a and Supplementary Fig, 1, 
data not shown). Three additional non-detrimental substitutions", 
243A, C321A and C356A, were added to this construct to minimize 
the possibility of intermolecular disulphide bond formation and to 
maximize long-term stability (Supplementary Fig, 2). The resulting 
variant was dubbed A3G-2K3A, and it was 2.7-fold more active 
and 4-fold more soluble than the parental protein (Fig. 1a, b). 
Importantly, the DNA cytosine deamination activity of A3G-2K3A 
was fully dependent on the catalytic glutamic acid E259 (refs 17, 19 
and 20, Fig. 1a), 


Gel filtration assays were used previously to show that A3G(198~ 
384) is monomeric. To bolster this finding and to assess the integ- 
rity of A3G-2K3A, the parental protein and the five-substitution 
derivative were compared using circular dichroism spectroscopy. 
The circular dichroism spectra of A3G(198-384) and A3G-2K3A. 
virtually superimposed, indicating that the five-substitution deriv- 
ative had intact secondary structures (Fig. 1c). Moreover, AIG-2K3A 
sedimentation velocity analytical ultracentrifugation profiles were 
nearly identical over a range of concentrations, providing strong 
evidence that a monomer-dimer or higher order equilibrium is not 
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Figure 1 | Functional and biophysical properties of A3G-2K3A. 2, Capacity 
of GST-A3G(198-384) (CTD), the indicated mutant derivatives or an empty 
vector control (VEC) to trigger Rif mutations in E, coli. Each X represents 
the mutation frequency of an independent culture, and the median values 
are indicated. b, Solubility of GST, GST-A3G(198-384) (CTD) and 
GST-A3G-2K3A, as monitored by SDS-PAGE and coomassie blue staining 
(top panels) or immunoblotting (anti-GST middle panel and anti-A3G 
bottom panel). ¢, Circular dichroism spectra of A3G(198-384) (CTD), 2K 
and 2K3A derivatives. d, Sedimentation velocity analytical 
ultracentrifugation profiles for A3G-2K3A, The sedimentation coefficient 
distribution function g(s*) is shown for various concentrations of A3G- 
2K3A. The single peak of the g(s*) distribution indicates that A3G-2K3A is 
homogenous and monomeric. 
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occurring (Fig. 1d). These sedimentation velocity data were also used 
to calculate an A3G-2K3A molecular weight of 22.3kDa (which is 
within error of the theoretical 22.6 kDa). 

A3G-2K3A was used for NMR spectroscopy experiments (see 
Methods). A total of 2,008 distance constraints were obtained and 
used to calculate a solution structure (Fig. 2 and Supplementary 
Tables 1 and 2). The superimposition of the ten lowest-energy struc- 
tures demonstrated that this enzyme has a well-defined core structure 
comprised of five B-strands and five a-helices, arranged from amino 
to carboxy terminus as f11-[52/2' -.1-[3-0.2-B4-03-B5-24-05 (Fig. 2a, 
b, c). The zinc-coordinating active site, %1-B3-c2, is anchored within 
the platform of B-strands. The catalytic site is further supported by 
the o4- and o5-helices, which make extensive stabilizing hydro- 
phobic contacts with the B-strand platform (Fig, 2d), The secondary 
structural elements are connected by loops of varying lengths, with 
the B3-to-a2 loop being remarkably well-defined (blue in Fig, 2b). 
This loop consists of $284, W285, $286 and P287, residues that are 
conserved among DNA deaminases and that are probably important 
for the integrity of the active site (see Supplementary Fig. 3 and 
below). 

The A3G catalytic domain shares some features with previously 
known structures. First, the -B-« Zn?*-binding motif, #1-B3-02 
in A3G-2K3A, is the clearest structural feature of this deaminase 
superfamily" (Fig. 3, top). Second, a subset of the superfamily 
members, induding human A3G, Staphylococcus aureus transfer 
RNA adenosine-editing protein TadA” and human APOBEC? (ref. 
15) (and probably all of the other APOBEC family members), has the 
B-strand of the zinc-coordinating motif and the two subsequent 
B-strands arranged in parallel (Fig. 3, bottom). As hypothesized 
previously, this organization is probably a key determinant of 


Figure 2 | NMR structure of A3G-2K3A. a, Superimposition of ten NUR 
structures showing o-helices in red, f-sheets in yellow and Zn** in purple. 
b,c, Ribbon diagrams of the NMR structure shown in a from the same 

(b) and 180° (c) angles, respectively. The [)3-to-12 and [4-to-03 loops are 
coloured blue in b, and the B2-bulge-B2' is coloured orange in 

c. d, Hydrophobic contacts between 04 and the f-strands and loops of the 
indicated regions (B1, 3, 4, N-terminal-loop, B3-122-loop and f4-23-loop). 
‘Amino acid side chain atoms are coloured yellow (sulphur), red (oxygen), 
blue (nitrogen) and white (carbon), Zn?*-binding side chains are coloured 
purple, 
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substrate specificity, enabling a loop and additional structural ele- 
ments to be accommodated between the latter two B-strands*!5'5, 
In contrast, cytidine deaminases of E. coli, Bacillus subtilis, 
Saccharomyces cerevisiae and humans have an anti-parallel B4-B5 
organization separated by a small loop''*"“* (Fig. 3, bottom right). 
Finally, closer family members, such as APOBEC2 (ref. 15), have a 
common overall fold and similar secondary structures (Fig. 3 and 
Supplementary Fig. 4). Several previous reports have discussed and 
modelled this likelihood*'*'6*?4, 

However, A3G-2K3A differs significantly from all previously 
reported structures. For instance, the closest family member for 
which we have structural information's, APOBEC2, shares only 
31% identity overall (Supplementary Fig, 3). As inferred pre- 
viously®'*'5'5*4, most of these residues are located within the pro- 
tein core (35 out of the 86 total core residues), consistent with the 
likelihood that these amino acids are critical for forming the overall 
scaffold (Supplementary Fig. 4). In contrast, much less identity 
occurs among solvent-accessible residues (11 out of 68 total solvent- 
accessible residues), which mediate substrate recognition, catalysis 
and interactions with other macromolecules (Supplementary Fig. 4). 
Thismakes sense in light of evolution, because more than 400 million 
years have passed since these two proteins were encoded by asingle 
gene (before vertebrate radiation )*, Thus, as described below, the 
A3G-2K3A structure will help us to understand why A3G and other 
family members (but apparently not APOBEC2, refs 2, 8, 12, 15 and 
25) are endowed with DNA cytosine deaminase and retrovirus 
restriction activities. 

In addition to surface residue differences, A3G-2K3A has several 
remarkable structural features. First, A3G-2K3A (or a derivative in 
which L234 is restored) has a unique 2 strand, which is interrupted 
with a bulge of six residues (Fig. 2c and Supplementary Figs 4 and 5; 
see Supplementary Discussion). In contrast, APOBEC2 has a con- 
tinuous 11-residue B2 strand, which mediates dimerization through 
a 82 strand ofanothermolecule’’. The structural constraints imposed 
by the 62-bulge-B2’ suggest that different contacts will connect N- 
and C-terminal domains of A3G. Alternatively, the 2-bulge-B2' 
may mediate interactions with RNA and/or other proteins (of 
cellular and/or viral origin), because it seems to be largely dispensable 
for DNA deamination activity'* (Supplementary Figs 1 and 2). How- 
ever, additional data will be needed to fully discount the possibility 
that the B2 bulge has a different conformation in the context of the 
full-length protein. Second, A3G-2K3A begins with B1, whereas 
APOBEC2 has a small o-helix preceding its first B-strand’*. Amino 
acid alignments suggest that residues 198-202 of A3G may form an 
analogous a-helix (ExPASy proteomix tools, http://ca.expasy.org/), 


Figure 3 | The relationship of the catalytic domain of A3G to selected 
family members. ad, Human A3G (2jyw), S. aureus TadA (2b3)), human 
APOBEC2 (2nyt) and E.coli cytidine deaminase (CDA, I ctu) Zn**-binding 
motifs (top row) and B-strand organization (bottom row). The amino acid 
side chains of the catalytic glutamic acid (E) as well as the Zn**-binding 
histidine (H) and cysteines (C) are indicated. 
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but this prediction awaits experimental confirmation. Finally, there 
are many less obvious differences between A3G-2K3A and APOBEC2 
(Supplementary Figs 3 and 4). For instance, the zinc-coordinating 
a1 -helix in A3G-2K3A is considerably longer than the corresponding 
helix in APOBEC2, and the conserved S-W285-S motif in A3G and 
other DNA deaminases is an $-S-S motif in all known APOBEC2 
proteins. Given the prominence of W285 within the A3G catalytic 
site (discussed further below), it is likely that the $-S-S motif of 
APOBEC2 contributes to this protein’s substrate specificity. 

A fundamental question is how A3G and related family members 
recognize single-strand DNA (ssDNA). Like many other nucleic- 
acid-interacting proteins, we imagined that A3G-2K3A would have 
a prominent positively charged surface that would define the DNA- 
interacting region. However, the electrostatic potential of the active- 
site face of A3G-2K3A was largely negative apart from a few positively 
charged residues arranged on an apparent brim surrounding the 
concave active-site region (Fig. 4a). To test directly whether any of 
these residues interacted with DNA, NMR chemical shift perturba- 
tion experiments were conducted with '°N-labelled A3G-2K3A and 


8 


8 


Peexwt 


Riff mutation frequency (107) a 


Figure 4 | A3G catalytic domain DNA interaction model. a, Surface 
representation of A3G-2K3A, highlighting positions of positive (blue), 
negative (red) or neutral (white) charge. Arginines that brim the concave 
active site are labelled. The hypothesized position and polarity of ssDNA is 
indicated (green dashed line). b, NMR ssDNA-titration data summary (for 
details, see Supplementary Fig, 6). Residues with chemical shift 
perturbations more than 1 sd. above average are coloured green (E259 is 
perturbed but hidden by H257), H257, C288 and C291 are shaded purple. 
¢, Model depicting the interaction between A3G-2K3A and ssDNA (5'-C,- 
Cy-T;-3'). H257 (purple) is shown partially stacked with the ring of the 
flipped-out target cytosine (C2). W285 (grey) helps to form a hydrophobic 
catalytic cavity. Arginines surrounding the positively charged brim of the 
active site are indicated (see text for discussion). Single-stranded DNA is 
coloured white (carbon), blue (nitrogen), red (oxygen) and yellow 
(phosphate). d, DNA deaminase activity of A3G-2K3A derivatives, Each X 
represents the mutation frequency of an independent culture, and key 
median values are indicated (others were at background levels). The y axis 
splits to accommodate the high activity of A3G-2K3A, and therefore one 
CTD data point (52.7) is not shown. The significance of the A versus E 
substitution at R213 or R320 is indicated (Student's t-test). 
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varying concentrations of a 21-base ssDNA oligonucleotide, which 
contained an APOBEC3G 5'-CC deamination hotspot (the under- 
lined Cis heavily preferred as a deamination substrate). As expected, 
significant chemical shift perturbations occurred predominantly on 
the active-site face of A3G-2K3A (Fig, 4b and Supplementary Fig. 6). 
Notable perturbations were detected for conserved arginines R215 
and R313 and for the catalytic glutamic acid E259. Residues adjacent 
to R313 (within the B4-to-03 loop) and E259 also showed strong 
chemical shift perturbations. The two other brim-domain arginines, 
R213 and R320, could not be detected with this technique. 

The NMR titration data were used to build a model for ssDNA 
binding (Fig. 4b, cand Supplementary Fig. 6, see Methods). First we 
selected an A3G hotspot containing the trinucleotide 5’-C,-C-T3-3 
to mode the DNA interaction. This short sequence was selected 
because ssDNA interactions were detected predominantly around 
the active site and this sequence spans that region. Second, the target 
cytosine (C2) was positioned under H257, analogous to how it ori- 
ents in cytidine deaminase crystal structures***”. Finally, we used all 
residues that showed significant chemical shift perturbations to cal- 
culate the lowest energy structure of an A3G-2K3A-trinucleotide 5'- 
Cy-Cy-Ty-3" complex (Fig. 4c). 

One notable feature of the DNA-binding model is that the target 
cytosine is predicted to be flipped-out from the phosphodiester back- 
bone (that is, without flipping, it cannot access the catalytic glutam- 
ate E259). A similarsubstrate contortion was described previously for 
TadA* and a number of other DNA metabolism proteins. The model 
further predicted that the 5’ nucleotide C, wouldbe sufficiently dose 
to interact with the conserved R313. C, has a large interaction surface 
that contributes significantly to the overall predicted trinucleotide- 
binding energy (—44.7 kcal mol” '). This strong interaction may help 
to explain the observed specificity of A3G for 5'-CC dinucleotides, 
which underlies the retroviral genomicstrand 5'-GG to 5'-AG hyper- 
mutation bias (for example, see ref. 3). We hypothesize that DNA 
deaminases with different dinucleotide preferences such as AID (5'- 
RC) or APOBEC3E (5'-TC) will make similarly robust contacts with 
the5’ nucleotide. The model also predicted that the phosphate of the 
3' nucleotide T; would contact both R215 and R213, and that the C, 
phosphate would interact with R320. 

To test this brim-domain model for DNA binding, we first asked 
whether conserved residues would be required for activity. The 
model predicted that R215 and R313 would promote DNA binding, 
W285 would help to form the hydrophobic active site, and E259, as 
shown previously, would mediate catalysis. As expected, all of these 
residues proved essential for activity (Fig, 4d and Supplementary Fig. 
2). Second, because R213 and R320 were predicted to interact with 
the phosphate backbone of ssDNA, we hypothesized that they would 
be influential but non-essential for activity. Accordingly, a non- 
invasive substitution at these positions might be tolerated, but a 
negatively charged substitution might render the protein inactive 
by repelling the phosphate backbone. Indeed, R213A and R320A 
derivatives still retained 20% of wild-type activity, whereas R213E 
and R320E derivatives were nearly dead (Fig. 4d and Supplementary 
Fig. 2). Thus, the A3G-2K3A solution structure, NMR DNA titration 
data, computational modelling, phylogenetic conservation and DNA 
cytosine deaminase activity data combined to support the brim- 
domain model for ssDNA binding. 

The catalytic domain of the HIV-1 restriction factor A3G repre- 
sents the first high-resolution ssDNA deaminase structure. This 
structure will facilitate studies on related proteins such as the 
mRNA editor APOBECI, the antibody gene deaminase AID and 
other family members that elicit retroelement restriction activity. 
Although our data strongly support a novel model for DNA inter- 
action, future studies are necessary to understand all ofthe molecular 
contacts and to explain major substrate differences such as the spe- 
cificity for ssDNA over RNA (and vice versa for other family members 
such as APOBEC!). As a practical consideration, we anticipate that 
similar mutagenesis strategies may be used to improve the solubility 
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of other family members. Moreover, the A3G-2K3A structure may be 
used to build accurate models of the N-terminal, Vif-interacting 
domain of A3G and therefore also models of the full-length protein. 
‘The structure presented here therefore provides a crucial step 
towards a molecular definition of the A3G-Vif interaction, which 
will benefit the development of AIDS therapeutics that function by 
modulating this battle between host and pathogen. 


METHODS SUMMARY 


All expression constructs were based on pGEX6P2-A3G(198-384) (ref. 18), 
modified by site-directed mutagenesis and confirmed by DNA sequencing. E. 
coli Rif” mutation assays were used to report the intrinsic activity of A3G(198- 
384) derivatives!?"*, Glutathione S-transferase (GST)-based constructs were 
expressed in E.coli strain BL21 DE3 RIL (Stratagene). Unlabelled proteins were 
produced by expression for 17h at 17°C in Luria broth containing 1mM IPTG 
and 200 jig ml” ' ampicillin. Isotope-labelled proteins were produced by express- 
ion for 17h at 17°C in M9 supplemented with '"NH,Cl, "C-labelled D-glucose 
and 7H water as described™, Proteins were purified by sonicating call pellets in 
lysis buffer (100mM NaCl, 50 mM NazHPO,/NaH2PO, (pH 7.0), protease 
inhibitor (Roche)), separating the soluble (supernatant) and insoluble (pellet) 
fractions by centrifugation (12,110g, 20 min, 4°C), binding to glutathione 
sepharose (GE Healthcare), washing with lysis buffer and dluting with 
PreScission protease (GE Healthcare) in ImM dithiothreitol (DTT) and 
50mM Na,HPO,/NaH2PO, (pH7.4), and, finally, concentrating with 
Centricon filters (Millipore). Solubility was monitored by SDS-PAGE, coomas- 
sie blue staining and/or immunoblotting (anti-GST (GE Healthcare) or anti- 
A3G), Circular dichroism spectroscopy, velocity sedimentation and NMR 
experiments were conducted as described previously (for example, refs 29 and 
30) and details can be found online in Supplementary Information and in the 
Methods. The ssDNA-binding model was calculated by searching all possible 
rotamers of the trinucleotide 5'-dCdCdT-3’ and of the side chains of A3G-2K3A_ 
residues that showed significant chemical shift perturbations for the lowest- 
energy complex. The model was only constrained by positioning the target 
cytosine within the conserved active site, which was estimated from substrate- 
containing crystal structures*?”, 


Full Methods ard any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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Genetic tracing reveals a stereotyped 
sensory map in the olfactory cortex 


Zhihua Zou, Lisa F. Horowitz, Jean-Pierre Montmayeur, 
Scott Snapper & Linda B. Buck 


Nature 414, 173-179 (2001) 


This Article described patterns of labelling observed in olfactory 
cortex when a transneuronal tracer was co-expressed with single 
odorant receptor genes in the mouse olfactory epithelium. During 
efforts to replicate and extend this work, we have been unable to 
reproduce the reported findings. Moreover, we have found incon- 
sistencies between some of the figuresand data published in the paper 
and the original data. We have therefore lost confidence in the 
reported conclusions. We regret any adverse consequences that 
may have resulted from the paper’s publication. 
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prepared gene-targeting constructs to generate the mice, SS. trained Z.Z. in 
gene-targeting techniques, 2.2. prepared and analysed the mice and provided all 
figuresand data forthe paper, and L.B.B. and Z.Z. wrote the paper. Correspondence 
and requests for materials should be addressed to L.BB. (Ibuck@fhcrc.org). 
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Behavioural improvements with thalamic 
stimulation after severe traumatic brain 
injury 

N. D. Schiff, J.T. Giacino, K. Kalmar, J. D. Victor, K. Baker, M. Gerber, 


B. Fritz, B, Eisenberg, T. Biondi’, J. O'Connor, E. J. Kobylarz, S. Farris, 
A. Machado, C. McCagg, F. Plum, J. J. Fins & A. R. Rezai 


'IFK Johnson Rehabilitation Institute, Edison, New Jersey 08818, USA. 


Nature 448, 600-603 (2007) 


In this Letter, Tracey Biondi was omitted from the author list. In 
addition, a sentence in the Author Contributions statement should 
be revised to read: ‘M.G., B.F., B.E., T.B. and J.O. collected beha- 
vioural data and assisted in the development of secondary outcome 
measures... 
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The latest in cell separation technology 


New technologies are making it easier than ever before to conduct 

cell separation. Instead of spending valuable time baby-sitting your 
experiments to obtain low yields and purity, the latest cell separation 
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of mind that they will obtain high yields of highly pure and viable cells. 
Now not only are the cells put through less stress, so are the researchers. 
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Miltenyi’s autoMACS” Pro Separator 
isa benchtop magnetic cell sorter that 
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instrument has an easy-to-use color touch 
screen. By automating sample uptake and 
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handling. State-of-the-art sensor technology 
monitors the instrument’ status. Three 
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for safe handling of up to six samples. 
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50 mL, separate more than 10 million cells 
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Another system that isolates virtually 
any cell type from any species and any 
sample source is the RoboSep* from 
STEMCELL Technologies. This column- 
free cell separation instrument uses 
EasySep’ technology in an automated 
format. Kim Nelson, STEMCELL 
Technologies’ Product Manager of Cell 
Separation remarked, “RoboSep is the 
only truly automated cell separator. The 
researcher simply loads the instrument, 
presses run and can then walk away while 
RoboSep processes their samples”. 

‘The system separates up to four samples 
simultaneously. There is no pre-labeling 
necessary so researchers only need to 
select the protocol from the touch screen, 
load samples and reagents, and let the 
machine do the rest. The magnetic 
nanoparticles are compatible for flow 
cytometric analysis after isolation. All tips 
are single-use disposable, so there is never 
achance for cross contamination since 
there are no reusable columns or tubing. 

The BD FACS Aria” II flow cytometry 
system is the latest high-performance cell- 
sorting instrument from BD Biosciences, 
asegment of BD (Becton, Dickinson and 


Company). The second generation 
FACSAria has several key enhancements. 
The fluidics and nozzle designs have been 
changed to improve aseptic setup and 
accommodate a wider range of particles. 

Tt also has a 375nm near-UV laser option 
to expand its applications, particularly for 
hematopoietic stem cell analysis. The BD 
FACSAria boasts configurations with up to 
four air-cooled, solid state lasers and can 
detect up to 15 parameters simultaneously, 
including two scatter parameters. 

Upgrades to the BD FACSDiva software 
and physical alterations decrease setup 
time and ease the insertion and removal 
of tube holders. Pierce Norton, Principal 
Scientist of Instrument Research at BD 
Biosciences commented, “New systems 
are bringing the benefits of cell sorting 
to a broader group of researchers, 
offering unique and revolutionary features 
that minimize startup time, improve 
experiment-to-experiment reproducibility, 
and increase the sensitivity and resolution 
needed for multicolor applications.” BD 
plans to offer customers with the first- 
generation BD FACSAria system the 
opportunity to upgrade to the capabilities 
of the new model. 

The Beckman Coulter-MoFlo XDP 
cell sorter offers a number of advanced 
functionalities that result in greater 
productivity and ease-of-use for 
researchers. The MoFlo XDP claims sort 
rates of up to 70,000 events per second. 
On top of zero dead time, the MoFlo XDP 
features digital triggering on any parameter, 
digital pulse processing, and a true dynamic 
range of five decades. For cruise control 
sorting, the IntelliSort function not only 
allows walk-away operation, but it assures 
purity and yield, monitors pressure and 
temperature and provides excellent image 
quality. MoFlo XDP’s Summit Software 
Version 5.0 determines regions with full 
parameter resolution, has standard and 
custom plate sort capability and more 
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BD FACSAria” Il flow cytometry 
system for cell sorting by BD Biosciences. 


than one billion event listmode files. 
Further advantages are high viability, 
auto-compensation and an easy-to-use 
workspace concept. The touch screen 
aXcess Control Panel means user-friendly 
set up and sorting refinements. 


Cell Isolation and Optimization Kits 
Cell isolation kits are becoming more 
sophisticated, and less demanding on cells, 
allowing researchers to cost effectively sort 

cells of interest for downstream assays. 
R&D Systems PlusCellect” cell isolation kits 
work quickly and accurately by utilizing 
two analyte-specific antibodies to positively 
select different epitopes. The kits contain 
biotinylated analyte-specific Selection 
Antibody, PE-conjugated Detection 
Antibody and PlusCellect Buffer. Because 
targeted cells are tagged with biotinylated 
antibodies, they work with streptavidin- 
ferrofluid and magnetic purification 
systems. Once the cells are resuspended 

in the PlusCellect Buffer, the efficiency 

of enrichment can be assessed with the 
PE-conjugated Detection Antibody. Both 
negative and positive cell fractions remain 
viable after separation. For greater purity of 
small cell populations, the PlusCellect kit 
can be used with negative selection prior to 
the positive selection step. 

Invitrogen’s Dynabeads’ FlowComp” 
cell isolation kits offer researchers a gentle, 
simple tube-based isolation method that 
yields homogeneous, contaminant-free 
cells. The polymer-coated magnetic 
Dynabeads have minimal interaction 
with cells during isolation, prevent the 
introduction of contaminants such as iron 
oxides, and save cells from the stress of 
passing through a dense column. Cells 
isolated with Dynabeads FlowComp kits 
thus keep their functional characteristics 
and are suitable for any downstream 
cell-based assay such as flow cytometry. 

‘The kit is available for Human CD4 
cells, Mouse CD4 cells, Human CD8 cells, 
Mouse CD8 cells, and Human NK cells. 
These isolated cells achieve up to 99 percent 
purity and more than 90 percent recovery. 


RoboSep* automated cell separation 
instrument from STEMCELL Technologies. 


Isolating Cells from Tissue 

‘The new Olympus SmartCut Plus 
optical-based microdissection system 
is designed specifically for use in daily 
micromanipulation routines of both fixed 
and living cells, and is capable of isolating 
groups of cells, single cells and cell 
compartments for downstream molecular 
analysis. Esther Ahrent, Marketing 
Communications Manager of Microscopy 
and Diagnostics at Olympus Life Science 
Europa GmbH noted, “Isolating the correct 
biological material for downstream 
processing is becoming increasingly 
important; laser microdissection provides 
a quick and easy way of doing this very 
accurately” Ideal for pathology, forensic 
medicine, or teaching and educational 
purposes, the SmartCut Plus is fully 
integrated with the inverted Olympus 
CKX41 microscope, enabling users to 
simply switch on and start microdissecting. 
The system uses a high precision, solid- 
state UV laser and is based on picosecond 
pulses. Other new SmartCut Plus features 
include a unique PenDisplay option and 
advanced software, allowing users to 
reduce sample handling and possibility of 
contamination. The instrument incorporates 
the novel automated single CapLift facility 
with adjustable contact pressure. 

Worthington Biochemical Corp.s 
Cell Isolation Optimizing Kit offers a 
complete method development kit with 
an assortment of Worthington enzymes 
referenced in tissue dissociation and cell 
isolation procedures. This assortment 
offers versatility in developing a method of 
obtaining cells from many tissue types and 
sources in a cost-efficient manner. Also 
included is a guide which details commonly 
used tissue types, the mode of action of 
various enzymes, tissue culture techniques 
and protocol optimization guidelines. The 
guide lists hundreds of cell- and tissue- 
specific isolation references for getting 
started in enzymatic cell isolation, 
plus strategies for the handling, use and 
optimization of methods to achieve 
maximum yield of viable cells. 


“New systems 
are bringing the 
benefits of cell 
sorting to 
a broader group 
of researchers, 
offering novel 
features that 
minimize startup 
time, improve 
experiment 
reproducibility, 
and increase the 
sensitivity and 
resolution needed 


for multicolor 
applications.” 


-Pierce Norton 
Principal Scientist 
Instrument Research 
BD Biosciences 


panies mentioned in this Products Focus: 


Beckman Coulter - wwv.beckmancoulter.com 


StemCell Technologles - www 
¢hington Biochemical — 


“This article was compiled by The Chempetitive Group 
‘and submitied to Nature. It has not been writien by 
or reviewed by the Nature editorial team and Nature 
takes no responsibility for the accuracy or otherwise 
of the information provided. Submit press releases for 
consideration to productfocus@nature.com with the 
topicin the subject line.” 
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A*STAR INVESTIGATORSHIPS 


Singapore’s Agency for Science, Technology & Research (A*STAR) 
invites applications for the A*STAR Investigatorships 


The aim to support and promote 
the early independent career development of the next 
generation of world leaders in scientific research. Applicants 
should have obtained their PhD or MD within 24 months 
(not more than 48 months) of the application date, and 
should have already demonstrated a strong ability and 
creativity in research. 


The award provides for an position for a 
duration of 3+3 years, with a review at the end of the 3rd 
year and a possibility of "fast-track" promotion. Tenable at 
one of A*STAR's prestigious biomedical research institutes, 

may select a mentor from A*STAR 
but will conduct and publish their research independently. 


will receive attractive remuneration, 
support for set-up costs, research funding, research staff 
and have access to state-of-the-art scientific equipment 
and facilities including the Biopolis Shared Facilities and 
the Biological Resource Centre. Each 
laboratory would be funded with up to US$500K p.a. 


Candidates are invited to apply in the following areas: 


The A*STAR Investigatorship Selection Panel is composed 
of: 


, President, Global Health 
Program, Bill and Melinda Gates Foundation 


, Chairman, Biomedical Research 
Council, A*STAR; Chief Scientist, Cancer Research UK 


, Executive Deputy Chairman, 
Translational and Clinical Sciences, Biomedical Research 
Council, A*STAR; Executive Chairman, National Medical 
Research Council, Singapore 


e , Director, Novartis Institute for 
Tropical Diseases 


uPr246a5R 


Upto ten shortlisted candidates will be invited to Singapore for interviews 
and a review based on a scientific presentation, expected to be held 
in August 2008. Applications will close on 5 


Applicants are requested to submit their CVs, including 3 academic 
referees, and a 5-page research proposal (1 hard copy & 1 soft copy) to: 


A*STAR Investigatorships 
Agency for Science, Technology & Research 
4 20 Biopolis Way, #08-01 Centros 
Agency for Singapore 138668 
Science, Technology Email: A-STAR_ADMIN_BMRC@e-star.edu.sg 


SINGAPORE Reh www.a-star.edu.sg/astar_investigators 
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n the afternoon of 24 February, a group of masked protesters gathered 

outside the home of a biologist from the University of California, 

Santa Cruz. According to police reports, insults were hurled at the 

family home, the front door was battered and the biologist's husband 
assaulted. Although the identities of the protesters are still unknown, the events 
bear the hallmarks of an attack by animal-rights activists. If this is true, it will be 
depressingly familiar. A few days earlier, for example, the University of California, 
Los Angeles, secured a restraining order against five activists who had been 
harassing a primate researcher (see Nature 451, 1041; 2008). 

The tactics deployed by animal-rights extremists aim to intimidate researchers, and 
there are signs that these activists are becoming more brazen, willing to visit homes 
rather than just trash laboratories. “I can't imagine, if this continues, thatit's not going 
to give researchers pause,” says Frankie Trull, president of advocacy organization the 


Foundation for Biomedical Research. But as yet there is no evidence of such a trend, 


although there has b 
changed their jobs af 


een a handful of high-profile cases in which researchers have 
ter being threatened (see Nature 444, 808-810; 2006). 


Violent protest and threats are no way to engage in debate and dialogue, and 


researchers who are 


involved in humane animal research should bind together as 


acommunity to ensure that the extremists’ approach doesn’t succeed. Working 
together, the research community can explain to the public the value of its work 


—as well as prompt 


ly communicating any hints of threats to colleagues and 


administrators. In the United States, researchers would also be wise to tell their 
deans if their data are requested under the Freedom of Information Act, as this can 
sometimes be asign that activists are hunting for targets. And universities need to 


be proactive. They should identify those researchers who are potential targets and 
be prepared to offer them additional security. There should be no reason to adjust 
careers — although for some engaged in animal research, heightened awareness and 
additional protection may have to become part of the daily routine. 

Gene Russo, acting editor of Naturejobs 
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Almost in bloom 7 


St Louis wants to become a hub of agricultural Ral “a | 
biotechnology. All it needs, says Emma Marris, ~ 
is more start-ups and funds. 8 wW j 


. 


nthe heart of the United States, where the rolling 4 confidentiality agreement. Publication 3 
Midwestern plains meet the Ozark Mountains, sits can follow only after patent protection. 8 
Saint Louis and its environs. The area is a fledgling The tour guide at the Chesterfield lab 2 
agricultural biotechnology hub in the midst of the even hints at “all kinds of fun toysIcant 
farm belt. But it hasn't quite reached critical mass: the show you” Because of the culture of secrecy, 


key missing factor is start-ups, which provide risk- and because of theirnumber, scientists at 
taking ideas and young, enthusiastic workers. Monsanto have their own internal community 
Agribiotech focuses on using new tools of genetic with poster sessions, a competitive fellows 


investigation and manipulation to try to develop a programme, and even awards, complete with 
products that outperform traditional crops. Vocal % ceremonies at the Ritz-Carlton Hotel. 
opposition to such products as untested and unnatural According to Karen Wishart, vice-president for 
has undoubtedly restrained the sector. But increasing human resources at Monsanto, the culture is very 
population and climate change could spura large “team oriented’, with rewards and incentives being 
market for crops that offer more nutrition per a.» doled out to the interdisciplinary teams that the 
hectare with fewer inputs such as fertilizer and company shuffles to keep things fresh and its 
pesticide. As agricultural biotechnology enters its employees engaged. The company is alsovery “results 
‘second wave’ — in which products are enhanced for oriented’, meaning it doesn't forget that the goal is to 
the supermarket shopper rather than just the farmer make products that farmers want to buy — and it 
(for example, soya beans that are omega-3enriched makes sure its employees don't forget either. Monsanto 
rather than just drought-resistant) — the St Louis area employs about 3,300 scientists worldwide, double the 
is poised to become the paramount region for the number of four years ago. About 2,500 are in the United 
industry in the Americas. Yet challenges remain. States, and most of those are in Missouri. 

Monsanto is still hiring. “We're growing quickly,” 
Perception of public resistance says Wishart. “And the baby boomers are retiring on 
‘There is agribiotech talentaplenty at Washington top of our growth phase.” According to Alexandra 
University, the various campuses of the University of Doronkin, who heads recruitment for scientific and 
Missouri, the non-profit Donald Danforth Plant regulatory positions in Monsanto, the company's 


Science Center and the area's industrial behemoth, 
Monsanto. But a combination of factors including a 
less-than-entrepreneurial culture and public resistance 
(or the perception of public resistance) to the 
technology’ products has led to few new small 
companies being founded by scientists. 

Much ofthe area's strength flows from Monsanto, 
where business is booming. The companyis ‘stacking’ 
various yield-increasing traits together in single seed 
lines to rake in the cash, but its pipeline also contains 
second-wave crops with lipid or protein enhancements 
or complex traits such as drought tolerance. 

In the 1990s and early 2000s, the company now 
known as Monsanto shed its chemical and drug parts 
to focus solely on agriculture. Net sales have grown. 


research and development corps is hiring several 
hundred scientists a year. 

And Doronkin has a wish-list: researchers with the 
core skills that Monsanto will need for the foreseeable 
future — molecular biology, biochemistry, systems 
biology, agronomy, pathology and genetics — plus 
traditional plant breeders, scientists with business 
training and bioinformaticians. Its mammoth 
greenhouses are growing hectares of data that need to 
be minedand analysed. And sifting through millions of 
genes for the ones that will boost yield, resist pests, 
increase nutritional value and, above all, sell, requires 
more than just molecular-biology skills; business savvy 
counts. But she realizes what attracts scientists. “The 
main drive for the scientists is the cool science, the cool 


DANFORTH CENTER 


“If youask where 


each year since 2003. For fiscal year 2007, sales totalled isthe most technologies and the incredible impact,’ she says. 
more than US§8.5 billion, and research and discovery science 


development spending was $780 million, or more than 
$2 million a day. The company says it will invest 10% of, 


Humanitarian goals 


ACMI A cross the street from the concrete solidity ofthe 


its sales in research and development in 2008. TVcueEEM Ra © Monsanto campus lies the non-profit Donald Danforth 
‘The advantages of working for Monsanto are many. St Louis isin the Center, which looksa little like a kitchen island. Here, 

‘The scientific talent and lab facilities are top-notch. Se Roger Beachy, whose disease-resistant tomato was 

‘The gene libraries are extensive and exclusive. Ata lab top five. the plump red opening note to the agricultural 

in the suburb of Chesterfield, the company spends — Roger Bea’ biotechnology era, runs a team of scientists intent on 


$4 million a year on electricity, mostly to run 122 using agribiotech advances to aid humanitarian efforts. 
growth chambers crammed with bar-coded plants and The Danforth Center is in some ways the hip young 
plant tissue — each one a potential blockbuster. kid on the block. Established in 1998, it is just now 

But Monsanto is also extremely secretive, even hiring the last of its core investigators. 
keeping exact employee numbers hush-hush for The Danforth, with its 19 principal investigators, is 
“competitive reasons’ All employees sign a much smaller than Monsanto, and consequently hires 
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less, but it toois interested in bioinformatics. The most 
qualified people have good molecular-biology and 
plant skills, according to Billie Broeker, director of 
human resources for the organization. “We need people 
who can do greenhouse work and tissue-culture work 
in sterile conditions,’ she says. Researchers work with 
everything from mass spectrometry to exotic tissue 
culture. “You don’t have to just work in Arabidopsis; you 
canwork in corn, soya, cassava,” says Jan Jaworski, vice- 
president for research. 

Recently, Enterprise Rent-A-Car donated $25 million 
to the Danforth to create an institute of renewable fuels. 
Despite the potential downsides ofcorn-based ethanol 
and other biofuels, they are likely to be apart of the 
energy future in the United States. The recently passed. 
energy bill has substantial research funds: $75 million 
for research on “biofuel production technologies in 
states with low rates of ethanol production’, and engi 
$50 million for university-based research on cellulosic ica 
ethanol. This year’s farm bill is expected to have 
hundreds of millions for biofuel research. 


J. ANGELES/WASHINGTON UMIV, 


Revolutionary hopes would contaminate other fields. “It stunned the state,” 


Beachy’s office is studded with African masks and says Beachy, suggesting that lawmakers bowed to the 

other reminders of the part of the world in which pressure too readily. 

he hopes agricultural biotechnology will be most Still, rosier days could be ahead for biotech. Missouri 

revolutionary. He seems a bit weary when it comes is using some settlement money from a tobacco- 

to questions about why European activists hate company lawsuit to stock a life-sciences research trust 

genetically modified crops. But when asked about fund. A total of $13.1 million was split among 14 

St Louis as a possible agribiotech hub, his blue eyes projects in Missouri, including a bioplastics 

engage. ‘If you look at itand say where is the most collaboration between the Danforth and Boston-based 

discovery science that leads to new inventions —I Metabolix, which will open an office at the Nidus 

think we are in the top five,’ he says. He estimates there Center, an incubator in St Louis. 

are about 500 plant-science PhDs in the St Louis area. Another project funded with tobacco money is the 
But Beachy admits that St Louis has yet to dominate new International Center for Advanced Renewable 

the sector. “I lived in San Diego and felt the energy, Energy and Sustainability at Washington University. 

excitement and upbeat attitude. People were starting Run by Himadri Pakrasi, this $55-million endeavour, 

things in garages” he recalls. “We are not there; we have with a building currently under construction, will 

to mature. And if you look at the venture-capital research biofuels in collaboration with scientists 


market, it is more conservative than it was five years worldwide. “We are going after carbon sequestration, 
ago” He laments the negative impact of the Ventria biofuels, cellulase enzymes and micro algae’ he says. 
Bioscience case, in which politicians and companies There will be five new endowed positions. 

such as the brewery giant Anheuser-Busch Washington University has had along tradition of 
unexpectedly blocked Ventria’s plant sciences, carried on by Ralph Quatrano, 

plans to cultivate anti- chairman of the biology department and co-leader of a 
diarrhoeal genetically team that has just sequenced the genome of the moss 
modified rice in Physcomitrella patens. The department has strong links 
Missouri. They with the Danforth Center and the Missouri Botanical 
worried the rice - 


Transparency and secrecy: greenhouses (inset) at the Danforth Center (far left) and Monsanto's crops (above centre andright). 


123 


REGIONS 


2 
5 
Fa 
2 
é 
2 
= 
a 


Garden, which specializes in plant ecology and 
taxonomy. “The future,’ says Quatrano, “is interaction 
with engineering and physical sciences. We have these 
huge data sets in the genomic age. Quantitative 
computational expertise is absolutely necessary.” 


Complex boutique crops of the future 
Meanwhile, two hours’ drive east of St Louis is the 
University of Missouri, in the college town of 
Columbia. Faculty members here are more explicitly 
focused on agricultural research, especially on creating 
crops that do more than pack calories into hectares. 
‘There is a spotlight on human health, such as adding 
nutrients and medicines to crops. “I think this is what 

2 the future of agriculture is going to be in the United 

States” says Thomas Payne, dean of the College of 

& Agriculture, Food and Natural Resources. “We have a 

= lot of competition in commodity agriculture around 

Hq the world.” So the United States, he says, can make the 

2 complex boutique crops. 

‘The biggest challenge at the University of Missouri is 

= money. The state is less generous than it once was, and 
federal budgets are tight at the National Institutes of 
Health, the National Science Foundation and the 
Department of Agriculture. Payne is seeing his faculty 
members recruited away from him. “We are thebottom 
of thebarrel in terms of compensation; headmits. The 
college is lettingits faculty numbers drop abit, so it can 

w. give more to the remaining faculty members. Any new 

8 hires are likely to be what Payne calls “professional 

= track” — faculty members eventually destined for the 

© public sector, who pay their own way with grants. 

On the same campus is the headquarters of the 
Illinois- Missouri Biotech Alliance — the office of Ken 
Schneeberger, an assistant dean under Payne. The 
alliance used to fund biotech science in soya and maize 
(corn) to the tune of $1 million a year, until 
Washington cut off its funds. Schneeberger hopes that 
it will be back in the 2009 budget. Its biggest 
achievement so far has been developing some lines of 
soya bean that are resistant to cyst nematode. 

The lack of start-up companies in Missouri 
continues to be an issue, says Nick Kalaitzandonakes, 
head of the Economics and Management of 
Agrobiotechnology Center at the University of 
Missouri. Yet he is optimistic about the region. “Ifyou 
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Optimistic: Himadri 
Pakrasi (top) and Nick 
Kalaitzandonakes. 
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St Louis is pinning its hopeson growth within the 
agribiotech sector with crops such as maize (left) and soya. 


read the newspaper, you would think that agricultural 
biotechnology is going nowhere,’ he says. “But if you 
lookat the acreage being planted with it, the future 
looks pretty good.” He blames onerous federal safety 
regulations anda culture that does not reward 
entrepreneurialism for the shortage of start-ups. “The 
industry has a small number of large players} he says. 

Still, he says, the University of Missouri system 
and Washington University together will probably 
spend between $400 million and $600 millionon 
research in the field. All that is needed are some 
business-savvy scientists to really get things humming. 
Kalaitzandonakes adviceto young scientists shaping 
their career in agribiotech is simple. “Take a few 
business classes. Go visit your local angel investor 
and put yourself out there.” 

Start-up activity is picking up, says Robert 
Calcaterra, head of the Nidus Center, which opened 
in 1999, He has worked with 20 baby businesses, some 
of them agricultural biotechs. “In 1999, I could count 
on two hands the number of companies in the plant 
biosciences,” he says. Now, with Nidus, an incubator 
called the Center for Emerging Technologies and other 
fledgling companies working alone, he estimates the 
total could be as high as 35. Calcaterra hopes to see 
significant growth in another five years. 


Mean streets 
St Louis itself; the centre for all this would-be 
entrepreneurial action, isa slightly shabby depopulated 
former industrial town with the classic crime-ridden 
core ringed by car-friendly suburbs. It is number two 
on the latest list of most dangerous US cities, compiled 
annually by Congressional Quarterly, although there are 
some revitalization schemes. According to Bob Kranz, 
aresearcher at Washington University, it can be hard to 
tempt graduate students in from the coasts, despite the 
low cost of living. 

It’s one of several challenges. If St Louis is to become 
a hip, feisty biotech hub, it will have to overcome public 
perceptions about genetically modified organisms, 
about St Louis, and about the wisdom of betting ona 
fledgling biotech cluster that has yet to prove its mettle 
despite ample promise. Only then might it become the 
centre of another agricultural revolution. . 
Emma Marris is a correspondent for Nature. 


THE MONSANTO EXPERIENCE 


At Monsanto, we're passionate about using science and technology to improve agriculture. 
We invest about $1.5 million a day to look for and bring to market the innovative 
technologies that our customers tell us make a difference. It's research that’s about more 
than just biotechnology. We use many tools — like genomics, conventional and molecular 
breeding, crop analytics, animal productivity, chemistry and biotechnology — to bring 
forward new products to answer our customers’ needs, in turn, providing benefits to not 
only the farmer, but processors and consumers, as well. 


At Monsanto, we believe in - 


INNOVATION IN AGRICULTURE 

Advanced science and innovative technology are at the heart of our company. We are 

committed to developing science based solutions to make our farmer customers more 
productive and profitable. Our employees are making a difference by feeding the world 
while preserving the environment. 


EXCELLENCE 
People at Monsanto are driven to do extraordinary things and are dedicated to being the 
best in our industry. 


GREAT WORKING RELATIONSHIPS 
Monsanto is team based with highly qualified professionals sharing knowledge, creating 
a great place to work and allowing employees to take ownership for results. 


To learn more about Monsanto, our passion and our opportunities, 
visit www.monsanto.com. 


Come grow with us. 


MONSANTO 
imagine 
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IIVERSITY OF MISS \NSAS CITY 
Leaders in health sciences 
research and education 


Advancing the development of the life sciences 
community within the Kansas City region 


KCALSI Stakeholder Institutions 


Children’s Mercy Hospitals and Clinics 
Kansas City University of Medicine 


and Biosciences 


Midwest Research Institute 

Saint Luke's Hospital 

Stowers Institute for Medical Research 
University of Kansas-Lawrence 
University of Kansas Medical Center 
University of Missouri-Columbia 
University of Missouri-Kansas City 


The Kansas City area is the source of many 
exciting new discoveries in life sciences research, 
and is home to the KC Animal Health Corridor, 
the global leader for animal health and nutrition 
Leading the way is School of Dentistry Dean Michael Reed, School of 


research, innovation and production. Necici Daan Betty Dees, Schoo! of Pharmacy Dean Rabat Plopho 
‘and Schoo! of Nursing Dean Lora Lacey-Haun. 


PHONE (816) 753-7700 


www.kelifesciences.org 
tort 


..get your bearings with these Stanford School of Medicine 
Career Center (SoMCC) seminars presented by Naturejobs. 


Naturejobs and the Stanford School of Medicine have collaborated to bring you this video series 
featuring SoMCC “Industry Insights" and “Careers in Science” programs. This monthly series, 
delivered by top experts within the biomedical sciences and healthcare industries, will allow you to: 
OBTAIN OF THE LATEST TRENDS AND FORCES SHAPING THE BIOSCIENCES 
GAIN VISIBILITY INTO THE DIVERSE SETTINGS WHERE BIOMEDICAL 
PROFESSIONALS ENGAGE 
LEARN FROM FIRST-HAND PERSPECTIVES OF THE FOREMOST LEADERS IN 
BUSINESS AND ACADEMIA. 


Visit www.naturejobs.com/magazine/video to stream or download the following 
presentations: 
Convergence of Science, Banking, and Finance with MDS Capital, Nandini Tandon, Ph.D, 
MDS Capital 
How Should We Be Developing Drugs in the 21st Century?, Hal Barron, MD, Genentech 


And stay tuned for these seminars coming soon: 
Intellectual Property Management & Technology Transfer, Panel of Experts 
Science & the Media, Donald Kennedy, PhD, Emeritus Professor, Stanford 
The Future of Personalized Medicine, with Agilent Technologies 


if you are interested to learn more about the SoMCC, please contact Suzanne Frasca, 


Program Coordinator, at (650) 725-7687 or somcareers@stanford.edu. 
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University of Missouri 
wwwanissouri.edu 


CULTIVATE DISCOVERIES 


Anational leader in plant genomics 
fesearch, MU is 7thin the nation in plant 
sciences funding from the National Science 
Foundation.* 


BLOOM WITH TOP SCIENTISTS 
AND STUDENTS 


At MU nearly 50 faculty-led research teams 
combine genomic, proteomic, informatic, 
biochemical, physiological and ecological 
approaches to study plant biology and its 
application to agriculture, natural resource 
management and comparative medicine. 


THRIVE IN A COLLABORATIVE 
ENVIRONMENT 


State-of-the-art research facilities include 
the Christopher S. Bond Life Sciences 
Center; proteomic, genomic, imaging 

and cytology cores; 20,000-plus square 
feet of greenhouse and growth chamber 
space; extensive germplasm and genetic 
resources; phytonutrient/phytochemical 
and phytotherapy centers; National 
Soybean Biotechnology Center; Agricultural 
Experiment Station; and Interdisciplinary 
Plant Group. 


*Based on most recent comparative data from NSF 


FACULTY POSITION IN 
CARDIOVASCULAR BIOCHEMISTRY 


DEPARTMENT OF BIOCHEMISTRY 
AND MOLECULAR BIOLOGY 


SAINT LOUIS UNIVERSITY SCHOOL OF MEDICINE 


Saint Louis University, a Catholic Jesuit institution dedicated to student 
learning, research, health care, and service is secking applicants for a faculty 
position in the Edward A. Doisy Department of Biochemistry and Molecular 
Biology for a tenure-track position involving research and teaching at the 
ASSISTANT PROFESSOR level, although outstanding candidates at a more 
senior level will be considered. The department is housed in the E.A. Doisy 
Research Center, a brand new state-of-the-art facility designed to foster 
collaboration between investigators. We seck applicants who use innovative 
approaches in the areas of cardiovascular biology, metabolism and signaling, 
Cardiovascular research is a growing focus area at the School of Medicine 
with strengths in lipidomics, cell signaling, systems biology and molecular 
basis of cardiovascular disease. We are interested in a highly interactive 
candidate whose interests will complement ongoing research programs in the 
cardiovascular sciences in the Department as well as the University. 


The successful candidate is expected to establish a strong extramurally 
funded research program. A potential for or demonstrated evidence of 
competing successfully for external funding will be important criterion for 
selection. Excellent start-up funds and salary are available. Interested 
candidates must submit a cover letter, application and current curriculum 
vitae to hitp//jobs.stu.edu. Additionally send current curriculum vite, 
description of research plans, and at least three letters of recommendation to: 


Change your 
environment. Find 
jobs where you'll 
make a difference 


Search Committee 
c/o William S. Sly, M.D., Chairman 
Edward A. Doisy Department of 
Biochemistry and Molecular Biology 
Saint Louis University School of Medicine 
1100 South Grand Blvd. 
St. Louis, MO 63104-1028 


Saint Louis University 
is an Affirmative Action, Equal Opportunity Employer, and encourages 
nominations and applications of women and minorities. 


naturejobs 
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Division of Immunobiology 
Faculty Position 


Saint Louis Universiy, a Catholic, Jesuit institution dedicated to 
student learning, research, health care, and service, is seeking 
applicants for tenure-track faculty positions in the Division of 
Immunobiolegy, beginning immedietely. The primary goal of the 
new Division of Immunobiology is to perform cutting-edge 
fransational research in areas. of human immunology. An 
interrationally renowned Certr for Vaccine Development has been 
in existence within the Sant Lou's University Department of 
Internal Mecicine forthe past 20 years, and wil provide important 
‘collaborative opportunities for researchers in the Divison of 
Immunobiology. Current projects at the Center for Vaccine 
Development include studies of mucosal immunity, TB vaccine 
dovelopment, as well as vaccine develonment for potential 
pandemic infuenza, smallpox and heats: The Merotiotogy 
and cther basic science programs et Saint Louis University have 
multiple investigators with ongoing active research programs in 
molecular virology, macrophage biology, immune-mediated 
pathology and inna lung immunity 

The School ct Medi has provided generous ta acages 
for multiple new faculty to be recruted Into this new Division of 
Immunobiol, Dr. Dan Hot, MD, Ph has bean apie 
the Director ofthis new Division. Dr Hots an infectious Diseases 
pet and molecular immunologist who currerty the lof 3 
NI grants focused on the development of vaccines for mucosally 
invasive intracellular pathogens, such as Mycobacterium 
tuberculosis, Trypanosoma cruz, smallpox nd influenza. His lab 
also has a special iterost in studying the role of y982 T cells in 
human vaccine immunity. 

Dr, Hof interested in recruiting MDs and MOYPhOs wit clinical, 
‘expetise and research interests in veccne immunobiology, human 
cellular Immunity, immunogenetics, autoimmunity, cancer 
Immunobiology, transplant Immunobiology and/or’ alergy/ 
immunology working towards the development of prophylactic 


Scientific Training 
2 Need to find 


the ideal candidate 
fast? 


Visit 
www.naturejobs.com 


to discover how applicants 


can respond directly 


Opportunities in: vaccines and immunotherapies effective agzinst human diseases, 
Undergraduate Summer Research: biomedrap.wustedu partoran cea Work tl reso apie but he ley to you by email. 
Graduate Programs: dbbs wustLedu Frmurohlny be Nosed In rand aw ao mlonGlar 
Medical Scents TiningProgran: msp.wasiledy Ire aes mapa extn Al 
Postdoctoral Training: dbbs wustledu/onstdoe foward r Wo (cana ormaugn shown bon) 


Daniel F. Hof, MD, PRD, Professor and Director, 
Division of Immunobiology 
Departments of intemal Medicine 


Molecuiar Microbiology 
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‘Employer and encourages nominations of and appication rom 
women and mnorias. 
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making science work 


Call for access to Synchrotron Beamline 


Facilities 2008 EMBL 


We announce a call for synchrotron beam time applications in biological 
X-ray crystallography (PX) and small-angle scattering (SAXS). Up to 12 weeks 
of beam time will be available at the DORIS storage ring (DESY) during the period 
September 2008 until December 2008. The EMBL Outstation will operate the 


following beamlines: 


For further information 


Beamline Type Wavelength Scientist responsible 
x PX 0.80A Paul Tucker 

x12 PX tuneable Manfred Weiss 

x13 PX 0.80A Matthew Groves 

X33 SAXS 1.5A Dmitri Svergun 


The deadline for submission of proposals is May 16th, 2008. An external Priorities 


Committee will assess the proposals. 


tel. +49-40-89902-110, 

fax +49-40-89902-149 or email 
beam@embI-hamburg.de (PX), 
‘svergun@embI-hamburg.de (SAXS) 


Electronic beam proposal forms and detailed description of the beamline facilities 


are available via the web links http://Avww.embl-hamburg.de and 


http://www.embl-hamburg.de/facilities 


In parallel, EMBL-Hamburg is constructing three new beamlines for applications in 
biological X-ray crystallography (PX) and small-angle scattering (SAXS) at the 
Petra-IIl synchrotron storage ring, with an expected opening in 2010/11. Further 
information can be obtained under http://www.embl-hamburg.de/services/petra. 


‘Two of the DORIS-III beamlines (BW7A, BW7B) will be used as test beamlines for 
future Petra-III applications. Depending on circumstances, they may become 


temporarily available to the external user community. 


Applications to use the EMBL-Hamburg high-throughput crystallisation facility can be made 
at any time at htip://www.embl-hamburg.de/services/crystallisation 


Access to the EMBL Hamburg 
beamline facilities is supported by 
the European Commission, 
Research Infrastructure Action 
under the FP6 “Structuring the 
European Research Area Specitic 
Programme”, Contract Number 
Ril3-CT-2004-506008. 


www.embl.org 


wie7009A 


In the Disordered Media group of the Leiden Institute 
of Physics, a three-year postdoc position is available 


The project concerns novel experiments to probe the transition from 
granular fluids to granular glasses, Both states will be generated in so- 
called split-bottom shear cells, and be probed by video imaging and 
theometry. The project is part of our broader effort to investigate the slow 
flow and jamming of granular media and foams, focussing on the interplay 
between mesoscopic organization and macroscopic fiow features. For 
details see cur web page www.physics.leidenuniv.nl/sections/cm/grm/ 


We are looking for candidates with a PhD in experimental physics, 
preferably with experience in soft matter experiments. Applications, 
including CY, statement of interest and contact details of two or three 
referees should be sent by mail or e-mail to Dr. M. van Hecke, Kamerlingh 
Onnes Laboratories, PO Box 904, 2300 RA Leiden, the Netherlands. 


wi26e7iR 


UNIVERSITY OF 


LIVERPOOL 


Fully-funded PhD 
Studentships 
available for 2008-09* 


‘The Physics Department of The University of Liverpool leads research at the frontline of 
Particle, Nuclear, Condensed Matter and Accelerater Physics 
(hitp:/nwndlv.acukiphysicstesearch, 


‘The Department has achieved the top grade of excellence in three consecutive reviews by 


HEFCE - thenational Research Assessment Exercise. Itis also very well funded and currently 
‘enjoys the highest research income of any Physics department from research councils in the 
UK 


Physics postgraduate students at The University of Liverpool benefit from an excellent training 
environment comprising of advanced lectures and technical courses delivered by the 
Department, a5 well as transferable skils workshops organised by the Universty Graduate 
School (htp:wwwiivac.ukigredschool). 


‘The Department of Physics is seeking outstanding applicants for PhDs in Particle, Nuclear, 
Condensed Matter and Accelerator Physics. Studentships are awarded on a competitive basis. 
‘The University of Liverpool is cornmitted to ensure equality of opportunities and to promote 
diversity, 


* Eligibility criteria include UK or EU citizenship. 


Contact: 
DrMatielle Chartior 

Department Director of Postgraduate Research 
chartier@liverpool.ac.uk 


+44 (0) 151 794 8775 urosen4n 
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We are the largest interdisciplinary research centre in Europe and work 
in the following research fields: Energy, Information, Life, and Environ- 
ment. 


For our Institute of Solid Research (IFF) we are seeking 


4 Ph.D. Students for three-year projects 
= code DO11/2008 - 


working in our research focus highly correlated electron systems" and 
snanomagnetism. The students will be inscribed at the Eite University RWTH 
Aachen, 


We expect from you: 

* Completed study of physics, chemistry or materials science with a 
good or very good diploma or master degree 

+ good language skills in English 

+ sound knowledge of solid state physics or chemistry 

+ ability to work in a team as well as mobility and high motivation. 


Equal opportunities is an important cornerstone of our staff paiicy at 
Research Centre Jilich, for which we have been awarded the ,, TOTAL E-QUAL- 
ITY" award. Applications from women are therefore particularly welcome. 
Applications from disabled persons are welcomed 


Payment will correspond to salary grade 13/2 Collective Agreement for 
the Givil Service (TVD). 

Please send your application with the relevant documentation to: 

Mr. D. Schlotmann 

Institut fur Festkérperforschung (IFF-4) 
Forschungszentrum Jillich GmbH 
52425 Jilich 

Telefon: 02461 61-4465 

Further Informationen at: 

www fz-juelich.de 


Ay \OLICH 
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University College London 
The London Centre for Nanotechnology 


LCN 


LONDON CENTRE 


Deputy Director, Business encom 
The London Centre for Nanotechnology (LCN) is a joint venture, 
capitalized at around £30M, between University College London 
(UCL) and Imperial College London, to use nanotechnology for 
solving major scientific, medical and engineering problems. 


The Deputy Director will manage high-value research facilties, 
major strategic initiatives and seek revenue opportunities in private 
and public sectors. In addition, he/she will take responsibility for 
branding, marketing, media relations and LCN business practices. 


The candidate will need strong business and marketing skills and 
will also be an exceptional communicator with business, 
government, academia and the broader public. Additionally the 
candidate will have experience in senior management in science 
and technology facilities. A PhD or MSc are desirable and a degree 
ina technical, engineering, physical, medical or life sciences subject 
is considered essential. 


The salary is negotiable and commensurate with the candidate's 
experience. Further details about the job and how to apply are 
available at www.london-nano.com 


Closing date: 28th March 2008 


We particularly welcome female applications and those from an 
ethnic minority as they are under-represented within UCLat this, 


level. 
uresa7an 


Endowed Chair at Duke 
University in Experimental 
Condensed Matter Physics 


The Department of Physics at Duke University invites 
applications and nominations for an Endowed Chair in 
Experimental Condensed Matter Physics, including Biological 
Physics, at the tenured Full Professor level to begin on or 
after January 2009. We are looking for candidates who have 
a primary interest in the fundamental physics of hard or soft 
condensed matter systems and demonstrated excellence in 
research and teaching. The successful candidate is expected 
to lead a world class program and will benefit from potential 
overlap with current university thrusts in nanoscience, 
imaging, and/or optics and photonics. 


Applications should include a complete curriculum vitae and 
publication list, and a statement of research and teaching. 


Application should be made via 
https://academicjobsonline.org 


Additional material may be sent to: Prof. Robert 
Behringer, Chair of the Search Committee, c/o Florin 
Damian, Department of Physics, Duke University 
Box 90305, Durham, NC 27708-0305. 


The search committee will begin evaluation of applicants on 
April 1, 2008. Duke University is an Equal 
Opportunity/Aifirmative Action Employer; we particularly 
encourage applications from women and minorities. 


Nw range 


Johannes Kepler University of Linz - Austria 


From October 1, 2009, 
the permanent position of a 
Professor of “Theoretical Physics” 


is to be filled in the Faculty of Technical and Natural Sciences. 
It will be the task of the successful applicant to cover the field of 
Theoretical Physics in its entirety within teaching and to represent 
and further develop his or her special area within research. The 
detalled requirements are contained in a job description, that can be 
accessed on the Internet under the address 
http:/Avww.jkuat/professuren. 


A prerequisite for application is a Habilitation or equivalent qualifica- 
tion in the advertised subject. 


The Johannes Kepler University is seeking to increase the represen- 
tation of women among its scientific personnel and therefore would 
‘expressly request qualified women to apply for the post. In the case 
of identical qualifications, preference will be given to a female appli- 
cant. 


Taking into account the criteria stipulated in the job description, 
interested parties are requested to submit the required documenta- 
tion and their application form electronically to the rector of the 
Johannes Kepler University of Linz by midnight on March 31, 2008 
(mailto: bewerbung@jku.at). Should electronic communication of the 
documents not be possible, those are to be sent in quintuple form, 
to be received by the rector at latest within a period of one week 
after the end of the application period. 


Rector Prof. Dr. Richard Hagelauer 
Johannes Kepler University 
A-4040 Linz, Austria. 


We are the largest interdisciplinary research centre in Europe and work 
in the following research fields: Energy, Information, Life, and Environ- 
ment. 


Within the ,Jlich Aachen Research Alliance JARA), a collaboration in the 
field of molecular magnetism has been established, where several physics 
institutes, in particular the institutes for ,Electronic Properties", for ,Quan- 
tum Theory of Matter" and ,Scattering Methods" of the Institute for Solid 
State Research are collaborating in an interdisciplinary manner with the 
Institute for Anorganic Chemistry of the RWTH Aachen. For this research 
field, we are seeking for our Institute of Solid State Research (IFF) 2 


PHYSICIST (PostDoc) or 
PHYSICAL CHEMIST (PostDoc), 


in Materials Science 
- code 017/2008 - 


+ Optimisation of magneticinteraction parameters in two dimensional 
networks of molecular magnets on substrate surfaces also with possible 
future applications in quantum information technology 

* besides the microscopic characterisation, the focus will be on modern 
scattering methods at neutron and synchrotron x-ray sources, such as 
polarised neutron scattering under grazing incidence or resonant x-ray 
scattering in the frame of the ,lilich Centre for Neutron Science" JCNS. 


We expect from you: 


We are particularly interested in highly motivated candidates, which 
can work well in a team and have an excellent knowledge of solid state 
physics or -chemistry. We expect mobility, in particular the willingness 
to perform experiments at various large scale facilities and a sound 
knowledge of English, We would welcome experience in the field of 
magnetism as well as working experience in scattering methods (neu- 
tron and synchrotron x-ray scattering). 


Initially, a fixed term contract for three years will be offered. 

Equal opportunities is an important cornerstone of our staff policy at 
Research Centre Jillich, for which we have been awarded the ,TOTAL 
E-QUALITY* award. Applications from women are therefore particularly 
welcome, Applications from disabled persons are welcomed, 


Salary and social benefits will conform to the provisions of the Collec 
tive Agreement for the Civil Service (IV6D). 


Please send your application, giving the reference code to: 


Forschungszentrum Jiilich GmbH 
Geschaftsbereich Personal 

= Personalentwicklung - 

$2426 Julich 

Telefon: 02461 61-5358 
Further Informationen at: 
www.fz-juelich.de 


JOLICH 
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2nd International Conference on 


Advanced Nano Materials (ANM-2008) 


June 23rd-25th 2008, Aveiro, Portugal 
The Nanotechnology Research Division (NRD) of the University of 
Aveiro, Portugal is pleased to announce that the second series of 
International conference on Advanced Nano Materials (ANM-2008) 
will be held at Aveiro, Portugal during 23rd-25th June 2008, This 
premier conference on nanotechnology will address the latest issues 
‘on cutting edge nanotechnology. The proceedings of the conference 
will be published in a special issue of the Journal of Nanoscience and 
Nanotechnology INN). More elaborate details on this conierence are 
available at http://anm2008.web.ua.pt 
Links to the highlights 
NRD: http://www.mec.ua.pt/evd/ 
University of Aveiro: http://www.ua.pt 


JNN: http://www.aspbs.com/jnn/ wasn 


We are the largest interdisciplinary research centre in Europe and work in 
the following research fields: Energy, Information, Life, and Environment, 


For our Institute of Solid State Research (IFF) we are seeking a 


PHYSICIST (PostDoc) or 
PHYSICAL CHEMIST (PostDoc), 


in Materials Science 
- code 015/2008 - 


* Working in ourresearch focus ,highly correlated electron systems', in 
patticular on materiels with colossal magnetoresistance or muliferroica 

* preparation and macroscopic characterisation of the samples, e. g. 
with our PPMS-system 

+ investigation of the order and excitations of spin-, charge-, orbital 
and lattice degrees of freedom by means of modern scattering 
methods at neutron and synchrotron radiation sources, aiming at & 
microscopic understanding of the macroscopic properties. 


We expect from you: 


We are particularly interested in highly motivated candidates, which 
can work well in a team and have an excellent knowledge of solid state 
physics. We expect mobility, in particular the willingness to perform 
experiments at various large scale facilities end a sound knowledge of 
English. We would welcome experience with preparation and charac- 
terisation of ceramics and single crystal samples of complex transition 
metal chalcogenides as well as working experience in scattering meth- 
ods (neutron and synchrotron xray scattering), 


as well asa 


PHYSICIST (PostDoc), 
in Materials Science 
- code 016/2008 - 


+ Working in our research focus ,nanomagnetism* 

* preparation of thin magnetic films and layer systems (metals, dilute 
magnetic semiconductors, complex transition metal oxides) 

«structuring by means of electron beam- or interference lithography 

+ characterisation of the samples with MOKE, SQUID ete. 

+ investigation of magnetic ordering phenomena and magnetisation 
dynamics by means of modern scattering methods at neutron and 
synchrotron radiation sources. 


We expect from you: 


We are particularly interested in highly motivated candidates, which can 
work well in a team and have an excellent knowledge of solid state phys- 
ics. We expect mobility in particular the willingness to perform exper- 
ments at various large scale facilities, and a sound knowledge of English. 
We welcome experience with the preparation (MBE, sputtering, PLD, 
etc.) and characterisation of thin film systems, as well as working experi- 
enge with scattering methods (neutron and synchrotron xray radiation). 


Initially, fixed term contracts for three years will be offered. 

Equel opportunities is an important cornerstone of our staff policy at 
Research Centre Jlich, for which we have been awarded the ,TOTAL 
EQUALITY" award. Applications from women are therefore particularly 
welcome. Applications from disabled persons are welcomed. 

Salary and social benefits will conform to the provisions of the Collec- 
tive Agreement for the Civil Service (TVD). 


Please send your appication, giving the reference code to: 


Forschungszentrum jilich GmbH 
Geschaftsbereich Personal 

~ Personalentwicklung ~ 

52425 Jilich 

Telefon: 02461 61-5358 
Further Informationen at: 
www.fz-juelich.de 
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The Nanoscience Cooperative Research Center CIC nanoGUNE Consolider 
(www-nanogune.eu) invites applications and nominations for two positions as 


Group Leaders 


CIC nanoGUNE Consolider, located in San Sebastian, Basque Country (Spain), is 
a R&D center created recently with the mission of conducting basic and applied 
world-class research in nanoscience and nanotechnology, fostering training and 
education excellence, and supporting the growth of a nanotechnology-based 
industry. 


‘The Group Leaders of nanoGUNE will be responsible for the design, management, 
and operation of their respective Research Area and laboratories, At the present 
time, nanoGUNE is welcoming applicants in the following disciplines 


+ Nano-Scale Devices (#001) 
All qualified candidates will be considered. Special preference might be given 
to candidates specializing in nano-mechanical, nano-fluidic, nano-chemical, 
nano-biological, nano-magnetic, or optoelectronic devices or technologies. 


+ Nano-Scale Imaging (#002) 
Alll qualified candidates will be considered. Special preference might be given 
to candidates specializing in electron microscopy or scanning probe microscopy 
techniques 


(Candidates should have an outstanding track record of research, with an orientation 
to nanoscience and nanotechnology, a proven ability to obtain competitive research 
funding, and a proven record of technological transfer initiatives. Proficiency in 
spoken and written English is compulsory; knowledge of Spanish is not a 
requirement. An attractive remuneration will be offered. 


Applicants should forward their CV, a summary of research interests, and alist 
of at least three references to director @nanogune.eu 


Closing date: 15 April 2008 


wiaseaan| 


nature 
REVIEWS biliitete ee 4 


Associate Editor 


Nature Reviews Microbielogy has a vacancy for an Associate Editor. This exciting 
position involves working closely with the Chief Editor and other members of 
the journal team an all aspects of the editorial process, including 
commissioning and editing reviews, organizing peer-review, writing for the 
journal, and developing the content of the journal, both in printand online. 


To meet these challenging tasks, the ideal candidate will have a broad 
knowledge of microbiology and hold a PhD in a relevant field. We are 
particularly interested in applicants with at least 2 yeats of postdoctoral 
experience, but we would welcome applications from outstanding candidates 
who have recently completed their Ph.D. A key aspect of the job is liaising with 
che scientific community and attending international conferences, so the 
successful candidate must be dynamic and outgoing with good interpersonal 
skills, Previous editorial experience would be an advantage, but is not essential 


The position will be based in the London office of Nature Publishing Group, 
and the terms and conditions are highly competitive, reflecting the importance 
and responsibilitcs of the role, For further information about Nature Reviews 
Microbiology series visit heep://wvww.nature.com/armicro 


Contact Detail 
To apply, please send your CV, a summary of relevant experience, and current 
salary, quoting reference number NPG/LON/835 to: Denise Pitter, Personnel 
Assistant, at londonrecruitment@macmillan.co.uke 


All candidates must demonstrate the right to live and work in the UK to be 
considered for the vacancy. 


nature publishing group [ 


Closing date: Friday 14th March 2008 


ni26131 
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CALL FOR 100 PREDOCTORAL RESEARCH 


GRANTS 


Develop your professional career in a modern and prestigious university employing 3000 
researchers and located in the centre of an important scientific and technological pole. 


= 


Universitat Autonoma de Barcelona has a gender equality policy and an action pian for the integration of disabled persons, 


Applications must be submitted from 14 March 
to 18 April 2008. 


Duration of the grant: 4 years 


Grant holders will participate in doctoral 
programmes or official master's degree courses. 


For more information on the research areas offering grants 
and application procedures please visit: 


www.uab.es/researchgrants 


UAB 


Universitat Autonoma de Barcelona 
wi26760R 


beens IMMUNOEPIDEMIOLOGIST 
INsritutt Tenure-Track/Tenured Investigator Position 


The new Infections and Immuncepidemiology Branch (IIB, http//Wwwv.dceg.cancergov/ib) in the Division of Cancer Epidemiology and Genetics (DCEG), National 
Cancer Institute (NCI), National Institutes of Health (NTH), Department of Health and Human Services (DHHS), is recruiting for a tenure-track tenured epidemiologist 
With experience and interest in the study of immunology and cancer. 


Research at the ITB focuses on understanding the causes and mechanisms involved in the development of tumors linked to infectious agents and in understanding the 
mechanisms underlying successful immune responses as they relate to cancer risk and to successful responses to vaccination, Both infectious and host immunological 
factors are considered in the context of human epidemiological studies. Studies undertaken by the group are often large, international and include rich biological speci- 
s to permit in-depth evaluation of biological processes, including immunological and inflammatory mechanisms, involved in tumor development and 
onses using state-of-the-art techniques. The Branch has an active set of studies aimed at evaluating the role of numerous infectious agents (including 
EBY, HIV, HPV, HTLY-1, and KHSV) and tumor sites (including cervical cancer, gastric cancer, Hodgkin and non-Hodgkin lymphomas, lung cancer, nasopharyngeal 
carcinoma, and oral/oropharyngeal cancers). The Branch also how uate the efficacy 
and impact of a new HPV-16/18 virus-like particle vaccine, and an HPV immunology laboratory that complements field activities and allows interactive evaluation of 
hypotheses of immunological importance within our studies 


he 7,500 woman community-based vaccine trial in Costa Rica designed to eva 


The successful candidate will receive research support from the intramural research program of NIH for conduciing innovative studies aimed at elucidating inflammatory 
and immunological mechanisms of HPV-relaied or other cancers and/or vaccine responses. Applicants must have an M.D. and/or Ph.D. in epidemiology or a related 
field, and considerable post-doctoral experience in cancer epidemiology, molecular epidemiology, and/or tumor or vaccine immunology. A record of peer-reviewed 
publications in one of these field is required. A demonstrated ability tolead complex epidemiologic investigations is highly desirable, The sucvessful candidate should 
have strong analytical skills, a good understanding of biological/immunological processes, and a demonstrated ability to collaborate across disciplines. Strong oral and 
written communication skills aean importantrequirement. Applications will be evaluated on theirability to develop & creative, independent program of epidemiological 
research applicable to understanding immune determinants of successful vaccination against cancer causing infections and/or immunological determinants of HPV-related 
or other cancers; and to collaborate effectively in a multidisciplinary setting. 


Inter 


od individuals should send a cover letter, curriculum vitae, a brief summary of research experience, accomplishments and research interests and goals, copies of 
three publications or preprints, and three letters of reference to: Ms. Judy Schwadron, n of Cancer Epidemiology and Geneties, National Cancer Institute, 
6120 Executive Blvd. EPS/8073, Bethesda, MD 20892 


Candidates should submit applications by May 30, 2008; however, the search will continue until a qualified candidate is found, Adcitional information about staff 
and ongoing research in the Division of Cancer Epidemiology and Genetics and in the Infections and Immunoepidemiology Branch is available at http:/iwww.deeg. 
‘eancergoy. Prospective applicants shoald send E-mail inquiries to Allan Hildesheim, PhD., Branch Chief (hildesha@exchange.nih.gov). This position is subject 
to a background investigation, DHHS and NIH are Equal Opportunity Employers. 


POSTDOCTORAL FELLOW IN IMMUNOLOGY - NIAID/NIH 
Help Us 


A postdoctoral fellowship is available in the Laboratory of Molecular Microbiology 
H | Mi | of the National Institute of Allergy and Infectious Diseases (NIAID) at the National 
e p Ions Institutes of Health (NIH) within the Department of Health and Human Services 
(DHHS) to investigate immunopathogenesis and novel therapeutic design in 

HIV and SIV infections. The successful candidate will join the newly established 

Immunopathogenesis Unit studying mucosal immunology and novel therapeutics 


in SIV-infected monkeys (macaques, African green monkeys) and HIV-infected 
humans, 


Suitable applicants should be highly motivated and have obtained recently a Ph.D. 
and/or M.D./DV.M. degree witha strong background in immunology and/or virology. 
Prior experience with non-human primates, while desirable, is not essential for this 
position. The salary is commensurate with previous experience and qualifications. 


Applicants are invited to send a cover letter, curriculum vitae, summary of past 
work, and contact information of three references to: 


Dr. Jason Brenchley 
Immunopathogenesis Unit + Laboratory of Molecular Microbiology 
NIAID - NIH Building 4, Room 301 * 4 Center Drive 

Bethesda, MD 20892-0460 US.A. 

E-mail jbrenchi@mail 


To learn more about NIAID and additional job opportunities, 
please visit http://healthresearch.niaid.nih gov/dlp 


The NIH is dedicated to building a diverse community in its training 


Nationat Institutes oF HEALTH 3 
and employment programs. 


NATIONAL INSTITUTE OF ALLERGY Department of Health and Human Services 


y National Insttutes of Health 
AND INFECTIOUS DISEASES National Institute of Allergy and Infectious Diseases 
o Proua to be Equal Opportunity Employers 


1E NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINI 
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LANCASTER 


Aiming for greater diversity 


The School of Health and Medicine 

The creation of a new School of Health and Medicine is at the heart of 
Lancaster University's strategic developments. The School brings 
together colleagues working in biomedical and life sciences, 
health research, and medicine, in a novel cross-disciplinery mix. 
We wish to appoint several academic posts in the first phase 
of exparsion, from September 2008 or as soon as possible thereafter. 


Al successful candidates will have an outstanding, or emerging, 
research record in an area complementing existing strengths in the 
School and wil be expected to play significant roles in research, in the 
delivery of the undergraduate medical degree and in the development 
of new undergaduate or postgraduate degree programmes. 


Specifically, we wish to appoint in the following areas 
Reference: A996 


(joint with North Lancashire Teaching Primary Care Trust) 


Professor in Primary Care 


Lecturer in Medical Education Reference: A997 
Lecturer in Health Care Management Reference: A004 


& Leadership 


(For Primary Care, Medical Educetion and Healthcare Management & 
Leadership please contact Professor Anne Garden 
agarden@lancasterac.uk) 


Professor(s) in Biomedicine Reference: A998 


Lecturers in Biomedicine (2 positions) Reference; A999 
(For Biomedicine please contact Dr Jane Owen-Lynch: 
j.owen-lynch@lancaster.ac.uk) 


Professor in Environmental 


Epidemiology or Reference: AQ01 


Public/Population Health 


Lecturer in Public/Population Health Reference: A003 
(for Epidemiology post please contact Professor Peter Diggle: 
p.diggle@lancaster.ac.uk; for Public/Population Health please contact 
Professor Chris Hatton: chris.hation@lancasterac.uk) 

We welcome expressions of interest from research groups who share 
‘our ambitions for the new School of Health and Medicine. 


Reference: A002 


Salary: 

Professorial minimum: £55,620 

Lecturer Grade 7: £30,013 - £33,780 

Lecturer Grade 8: £34,793 - £41,545 

Closing date for al posts 28 March 2008. 

To apply or receive further information please 


visit our website or telephone Human Resources quoting the 
appropriate reference on (01524) 846549 (answerphone). 


Urasceertt 


University of Erlangen-Nuremberg, Germany 


1. The Faculty of Natural Sciences invites applications for a tenured 


W2-Professorship in Neurobiology 


inthe Department of Biology. 


‘Successful candidates should represent the field in research and teaching 
Applicants should have an excallent research record in mammalian neurobiology 
and expertise instate of the art molecular imaging techniques, ideally in combina- 
tion with electrophysilogy or mouse genetics. The successful candidate is 
‘expected to strengthen existing research cooperations and to contribute to new 
neurobiology initiatives of the university. Teaching includes lectures and courses 
for bachelor and master students in the fields of animal physiology and neuro- 
biology. 


The position is to be filed by April 1,208. 
2. The Faculty of Natrual Sciences invtes applications for a tenured 


W3-Professorship in Genetics (chair) 


{succession of Prof. Dr. G. Fey) 


in the Department of Biology. 


‘Successful candidates should represent the field of Genetics in research and 
teeohing. Applicants must have an excellent research record in mammalian 
molecular genetics, preferentially by the use of genetically modified mice. State of 
the art animal and transgenic facilities are available on site, The successful cand 
dats is expected to strengthen coordinated research programs at the 
University. Teaching responsibilities include lectures and courses in the Bachelor 
and Master programs of the Department of Biology. 


The posttion is to be filed by April 1, 2010. 


Qualifications include university undergraduate and doctoral degrees, good 
teaching sklls, and a habitation or equivalent other qualification, which may have 
been gained outside the University or within a “Junior Professorship”. 


At the time of appointment the candidate must not be older than 52 years of age. 
‘The Ministry for Science, Research and Art may allow an exception in special cases, 
‘which has to be approved by the Ministry of Finance, 

The University of Erlangen-Nuremberg actively encourages applications from fernale 
candidates in an effort to increase female representation in research and teaching, 
‘Applications from the severly disabled having the same suitability for appointment as 
other candidates will be gven priority. 

Application documents (curriculum vitae, photograph, list of publications and teach- 
ing activities, certfied copies of degree certificates but no publications) and a brief 
statement of research interests must be sent by the latest May 1, 2008, to: 
Dekan der Naturwissenschaftichen Fakultat der Universitat Erlangen-Nirnber, 
Universitatsstr, 40,91054 Erlangen, Germany. 


Friedrich-Alexander-Universitat 
Erangen-Niirnberg 


WWW.uni-erlangen.de 


Wi 25967R, 


Need to find the ideal candidate fast? 
Visit 
www.naturejobs.com 


to discover how applicants 
can respond directly to you by email. 


naturejobs 


making science work 


Naturejobs gives an 
explosive start to 
your career! 


naturejobs 


Johnson & Johnson Pharmaceutical 
Research & Development (J&JPRD) 
isa global research and development 
organization with researchers both in 
the United States of America and 
Europe, of whom over a thousand 

are working at the company's 

Beerse site in Belgium. 


The company sets very high 
qualitativeand ethical standards. 
Johnson & Johnson Pharmaceutical 
Research & Development, a division 
of Janssen Pharmaceutica NV, 

is located in Beerse, at a distance of 
35 km from Antwerp, a historical, 
cosmopolitan and international city in 
the center of Belgium and Europe. 


www.janssenpharmaceutica. be/jobs 


(Senior) Scientist, Behavioral Pharmacology Expert (ref. 801055) 
Senior/Principal Scientist, Behavioral Pharmacology Expert (ret. s01056) 


Job description: « The candidate will have state-of-the-art knowledge in relevant neuropharmacology, and will be 
«expert in behavioral pharrracology. * Knowledge and hands-on experience in for example operant and/or cognitive beha- 
oral tests almed at investigating disturbances related to psychiatric and neurodegenerative disorders are considered 
an advantage. * Work will focus on drug development as well as technology development. Knowledge and some expe- 
rience in the drug discovery is considered an advantage. 


Profile: + Candidates should havea relevant lfe sciences degree and at least 5-10 years of experience in Drug Discovery 
and Development. « The candidates must be expert in betavioral pharmacology. « Have a proven track record in neuro- 
science research with emphasis on CNS disorders, 


Senior/Principal Scientist, Alzheimer Expert (ref. 801058) 


Job description: » The candidate will have state-of-the-art knowledge in the biology of Alzheimer's disease. * Know- 
ledge and hands-on experience in assay development for screening of small molecules is considered an advantage, 
+ Expertise in beta-amyloid and tau pathways is a strong asset. 


Profile: * Candidates should have a PhD in Neuroscience, Biochemistry or related discipline and at least 10-15 years of 


experience in Neuroscience Research, including Alzheimer's disease. A minimum of 3 years experience in an industry 
environment is required. 


(Senior) Scientist, Preclinical Imaging (ref. 801057) 


Job description: + As part of a multidisciplinary project team, the candidates will be expected to establish and perform 
various ex-vivo functional neuroanatomical assays (receptor occupancy assay, 2-deoxydlucose autoradiography, gene 
and protein expression) in line with project requirements. * Knowledge and hands-on experience with neuroanatomical 
methods such as radioligand autoradiography, in situ hybridisation and immunohistochemistry are required. * Practical 
‘experience with in vivo imaging techniques (m-PET, MRI, bioluminescence) applied to psychiatry/neurology disease areas 
would be an asset. 


Profile: * Candidates should have a PhD in Neuroscience, Neuropharmacology with at least 3 years postdoctoral expe- 
rience preferably ina Pharmaceutical/Biotech environment. 


Senior/Principal Scientist, Electrophysiology Expert (ref. 801053) 


Job description: + The candidate will have a state-of-the-art knowledge in relevant neurophysiology and molecular bio- 
logy, and will be expert in electrophysiological techniques such as patch clamp and/or brain sice recordings. « Know- 
ledge and hands-on experience of electrophysiological applications (e.g. LTP, LTD) is considered a strong advantage. 


Profile: * Candidates should have a relevant life sciences degree and at least 5-10 years of experience, ideally in drug 
ciscovery. * The candidates must have a hands-on expert attitude in etectrophysiological techniques, 


Interested applicants should send a cover letter including 
statement of research interest, curriculum vitae with contact 
information for three references by e-mail attachment to: 
Kristine Deckx (kdeckx@janbe jnj.com) 
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REINTEGRATION GRANTS rate 
FOR POLISH Ph.Ds asiaee Biclogist Shocki f34 

‘We have one of the world's largest computer 

ideapeencinen Sree pecs ara Career 


The Foundation for Polish Science offers young Ph.D.s returning from evelopment & maintenance of analysis & 
an extended scientific stay abroad 2-year grants to facilitate their Eevianrodet circa ang 
return to Poland. The grant consists of a stipend for the laureate and the ‘Java or C. UNIX. Experience of reational 
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for Poi 
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Prospects? 


subvention for scientific project and intemational cooperation. cetsbases essed 
The closing date for applications is 30 April 2008. Human Resources 
Email: recruit@sangerac.uk 
Por fuitther information and’ application t: fap www.sangerac.uk 
or further information and application forms visit: www.fnpeu Meet better 
employers at 
our regular 
job fairs. 
~ Rat der Conseil des Consiglio Board of the In the US 
cr .V Eidgendssischen écoles dei Swiss Federal 
Technischen polytechniques politecnici Institutes of and beyond. 
L J Hochschulen fédérales federali Technology 
ETH-Rat CEPF CPF ETH Board 
~w 


The ETH Board invites applications for the 


Director of Empa 


‘the Swiss Federal Laboratories of Materials Testing and Research (www.empa.ch) 


Empa isan interdisciplinary, application-oriented research institute in materials science 
and technology employing over 800 people. It is one of the four autonomous Research 
Institutes within the ETH Domain, the Swiss nationally funded education and research 
system. Empa focuses on nanotechnology, the engineering and technology development 
for adaptive systems, materials for health and performance, and materials for energy 
technologies, and questions related to natural resources and pollutants. In addition, 
sustainability of resource use and societal impacts in these areas are major cross-cutting 
research topics. As a technology center that provides scientific services, Empa plays a 
bridging role between academia, industry and governmental agencies. 


The candidate for the Director of Empa is expected to be an internationally recognized 
individual with a broad scientific background and a distinguished track record in mate- 
rials science and technology. A creative personality with strong leadership and manage- 
rial skills is sought. Competences in managing research groups and interdisciplinary pro- 
jects in the area of science - engineering - technology are expected. Strong networks 
with industry and governmental agencies are essential. The successful candidate should 
have a demonstrated ability to translate scientific results into innovative applied tech- 
nologies and new ventures and be ready to communicate and to develop strong links 
with the academic world, industry, governmental agencies, and the public. Familiarity 
with political issues related to education, research and technology transfer would be 
advantageous. Since the successful candidate will be considered for a professorship at 
ETH Zurich or EPFL (the Swiss Federal Institutes of Technology, Zurich or Lausanne, res- 
pectively), he or she should meet the criteria for a full professor at the university level. 


Applicants should submit a letter of interest and a comprehensive curriculum vitae to: 
Chair of the Selection Committee, Dr. Fritz Schiesser, ETH Board, Haeldeliweg 15, 

8092 Zurich, Switzerland. Further information may be obtained by 

phone (+41 44 632 20 04) or e-mail (baltensperger@ethrat.ch). All applications will be 
treated with strict confidence. Female candidates are particularly encouraged to apply. 
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www.janssenpharmaceutica.be/jobs 


Johnson & Johnson Pharmaceutical 
Research & Development (J&JPRD) 
isa global research and development 
organization with researchers both in 
the United States of America and 
Europe, ofwhom over a thousand 

are working at the company's 

Beerse site in Belgium. 


The company sets very high 
qualitative and ethical standards. 
Johnson & Johnson Pharmaceutical 
Research & Development, a division 
of Janssen Pharmaceutica NV, 

is located in Beerse, at a distance of 
35 km from Antwerp, a historical, 
cosmopolitan and international city in 
‘the center of Belgium and Europe. 


Postdoc 1 (ref. 802616) 


‘The 3 year project is focused on the development of novel behavioural paradigms to study the effects of glutamatergic, 
cholinergic and dopaminergic systems on the role of the fronto-striatal loops in rodents in relation to neurodegenerative 
and psychiatric disorders, including the pharmacological characterization of novel compounds. The qualified candidate is 
a dedicated and highly skilled person, with a background in behavioural neuroscience/animal experimental psychology/ 
‘comparative & physiological psychology. The placement will be in the systems biology team. 


Postdoc 2 (ref. 802617) 


‘The 3 year project is focused on the measurement of amyloid in brain and peripheral tissues in rodents, including trans- 
genic mice, using novel technology that eventually should be translatable to studies in man, including the pharmacological 
characterization of novel compounds. The qualified candidate is a dedicated and highly skilled person, with a background 
in preclinical (in vivo) pharmacology. Knowledge of molecular neuroscience is considered an advantage, The placement 
will be in the systems biology team . 


Postdoc 3 (ref. 802618) 


‘The 2 year project is focused on the development of neuronal cell cultures for the molecular study of synaptic plasticity. 
The qualified candidate isa dedicated and highly skilled person, with a background in in vitro pharmacology/molecular 
neuroscience. The placement will be in the assay development team. 


Postdoc 4 (ref. 802619) 


‘The 2 year project is focused on the molecular analysis ofthe processes underlying synaptic plasticity in vitro and in vivo, 
including microarray and siRNA technoiogy. The quaified candidate is «highly skied person, with a background in mole- 
cular neuroscience/lunctional genomics. The placement will be in the functional genomics team. 


Postdoc 5 (ref. 802620) 


‘The 2 year project is focused on analysis and mining of data generated from genomic, proteomic and metabolomic studies 
in the area of synaptic plasticity. The qualified candidate is a dedicated and highly skilled person, with a background in mole- 
cular neuroscience/multivariate data analysis/bioinformatics. The placement will be in the functional genomics team. 


Candidates may apply before having received their PhD or MD degree, but the selected candidate must have earned their 
degree before the start of the appointment. Applicants must possess excellent written and verbal skills in English. 
Evidence of a strong publication record is essential 

Successful applicants will join an interactive Neuroscience research environment with strong intra- and extramural colla~ 
borations in Belgium and abroad. The team conducts in vitro and in vivo pharmacology studies of diferent neurotrans- 
miter systems and signaling cascades in the CNS, with a focus on schizophrenia, bipolar disorder and neurodegenera- 
tive disorders, in particular Alzheimer's disease. 


Interested applicants should send a cover letter including 
statement of research interest, curriculum vitae with contact 
information for three references by e-mail attachmentto: 
Kristine Deckx (kdeckx@janbe.jnj.com) 
wieessar 
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Ander Universitat Duisburg-Essen sind im Fachbereich Biologie und Geographie, 
Zentrum fiir Medizinische Biotechnologie (ZMB), zum 01.10.2008 folgende 
Stellen zu besetzen: 


1.W 3-Professur 
fiir ,Molekularbiologie* 


Bewerberfinnen sollen durch exzellente Forschung auf dem Gebiet der Molekularbiologie 
international ausgewiesen sein und das Fach in Forschung und Lehre vertreten. 


Die Forschungstatigkeit des/der zukiinftigen Stelleninhabers/-in soll die bestehenden 
‘Starken des Zentrums fir Medizinische Biotechnologie erganzen und ausbauen. Magliche 
Forschungsthemen umfassen cle Themenbereiche degenerative Erkrankungen, Turiorblo- 
logie und epigenetische Mechanismen, Medizinisch relevante Grundlagenforschung 
und Erfahnung in der Bictechnologie oder Pharmaindustrie sind ebenfalls von Interess2. 
Eine Mitarbeit in lokalen SFBs und Graduiertenkollegs sowie Kooperationen mit 
Industriepartnern ist erwiinscht. 


Es wird erwartet, dass der/die Bewerber/in ein kompetives, Drttmittel-finanzlertes 
Forschungsprogramm unterhlt und die zu dieser Stelle gehdrende Lenre in den Stu- 
dliengangen Medizinische Biologie urd Lehramt Biologie efit 

Die Voraussetzungen nach § 36 Hochschulgesetz NRW (HG) sind ein abgeschiossenes 
Hochschuistudium, Promotion und zusdtziche wissenschattlice Leistungen, die im 
Rahmen einer Juniorprofessur, einer Habilitation, einer wissenschaftlichen Tatigkeit an 
einer Hochschule, einer auBeruniversitaren Forschungseinrichtung, in Wirtschatt, 
Vertu oder ahem anderen geseschafehen ech im r-und isan erect 
wurden, 

Weitere Auskinfte ertelt der Vorstandsvorsitzende des ZMB, Unv.-Prof. Dr. Michael 
Ehrmann, Tel, +49-201 183 2949, e-mail: michael, ehrmann@uni-due.de, 


2.W 1-Juniorprofessur (mit Tenure Track) 
fiir ,Molekularbiologie“ 


Die Stelle ist auf drei Jahre befristet und wird nach erfolgreicher Evaluation um weitere 
drei Jahre verlangert, 


Der/Die Stelleninhaber/in beteiligt sich aktiv an Forschung und Lehre auf dem Gebiet 
der molekularen Zellbiologie. 


Die Forschungstatigkeit soll die bestehenden Starken des Zentrums flr Medizinische 
Biotechnologie komplementieren. Diese umfassen, sind aber nicht limitiert auf, de- 
‘generative Erkrankungen, Tumorbiologie und epigenetische Mechanismen. Von beson- 
derem Interesse sind Kandidaten/-innen, deren Grundlagenforschung zum Verstandnis 
dieser Mechanismen beitragt 


Es wird erwartet, dass ein kompetiives Farschungsorogramm tiber eingeworbene (oder 
einzuwerbende) Drittmittel aufgebaut wird und die zu dieser Stelle gehdrende Lehre 
in den Studiengéngen Medizinische Biologie und Lehramt Biologie erfllt wird. 


Einstellungsvoraussetzungen sind gema § 36 Hochschulgesetz NRW (HG) ein abge- 
sctlossenes Hochschulstudium, eine raturwissenschaftiche Promation rit herausragen- 
dem Ergebnis sowie wesentliche weiterfihrende wissenschaftliche Aktivitaten 
nach der Promotion (erfolgreiche Post-Doc-Phase). 


Fir beide Stellen gilt: 

Die Universitat Duisburg-Essen ist fir ihre Bemihungen um cie Glelchstellung von 
Mann und Frau mit dem ,Total-E-Quality-Award* ausgezeichnet worden. Sie strebt 
eine Erhiohung des Antels der Frauen am wissensshaftichen Personal an und fordert 
deshalb einschlagig qualifizierte Frauen nachdriicktich auf, sch zu bewerben 
‘Schwerbehinderte werden bei glelcher Qualfikation bevorzugt eingestalt. 
Bewerbungen mit den iblichen Unterlagen (Lebenslauf, Liste der wissenschaftichen 
Veréffentichungen, Unterlagen zum wissenschaftichen und beruflichen Werdegang, 
beglaubigte Zeugniskopien, Darstellung des eigenen Forschungsprofis und der sich 
daraus ergebenden Perspektiven an der Universitat Duisburg-Essen, Angaben iiber 
bisherige Lehrtitigkeit und Mitwirkung in der akademischen Selbstverwaltung sowie 
Giber eingeworbene Drittmittel) sowie dem ausgefilliten Informationsbogen (erhaltlich 
unter wivw-uni-due.de/2mb) sind bis zum 06.04.2008 zu richten an den Dekan des 
Fachbereichs Biologie und Geographie der Universitat Duisburg-Essen, Herrn Unit. 
Prof, Dr Peter Bayer, UniversitatsstraBle 2, 45141 Essen. 


Weitere Informationen finden Sie unter www.uni-due.de/zmb., W126008R 
a 


Need to find the ideal candidate fast? 
Visit 
www.naturejobs.com 


to discover how applicants can 
respond directly to you by email, 


nature jobs 


imaking science work, 


School of Veterinary and Biomedical 
Sciences 


AUSTRALIA 


The School of Veterinary & Biomedical Sciences at JCU is seeking a Physiologist 
and a Pharmacologist to join the Discipline of Physiology and Pharmacology 
within the Faculty of Medicine, Health and Molecular Sciences. Physiology and 
Pharmacology is taught in a broad range of courses including integrated Medical 
and Veterinary curricula, Rehabilitation Sciences, Biomedical Sciences, Sport 
and Exercise Science, Medical Laboratory Science, Pharmacy, Nursing Science, 
and from 2009, Dentistry. The appointees will have the opportunity to work 
with existing academic strengths in the development and delivery of a range of 
degree programs and to pursue research opportunities relevant to the region. The 
co-location and collaboration between the Schools of Medicine and Dentistry; 
Public Health, Tropical Medicine and Rehabilitation Sciences; Pharmacy and 
Molecular Sciences; and the School of Veterinary & Biomedical Sciences at JCU 
presents unprecedented research opportunities. 


LECTURER/SENIOR LECTURER - PHYSIOLOGY (Cairns) 
~ Reference number 8072 


LECTURER/SENIOR LECTURER/ASSOCIATE PROFESSOR 
— PHARMACOLOGY (Townsville) 
Reference number 8073 


Enquiries to: Professor «Filip -~—»«Summers, telephone 
4617 4781 4449, fax +61 7 4781 6174, e-mail phillip.summers@jeu.edu.au 
Employment Type: Appointment willbe ‘fulltime on 
a continuing basis subject to a probationary _ period. 
Salary: Lecturer ~ Academic Level B - AUS64,407 - AUS76,210 per annum 
or Senior Lecturer ~ Academic Level C - AUS78,569 - AUS90,372 per annum 
or Associate Professor ~ Academic Level D - AUS94,306 - AUS103,746 per 
annum, Level of appointment and commencing salary will be in accordance 
with qualifications and experience. Benefits incude generous employer 
superannuation contribution and attractive options for salary packaging. 
Applicants must follow the Method of Application procedures (including 
systematically addressing the Selection Criteria). Further information is 
available at http://www,jcu.edu.au/jobs/ or by contacting the Recruitment 
Officer, Faculty of Medicine, Health and Molecular Sciences, telephone: 
+61 7 4781 6209; e-mail Adele.Goalder@jcu.edu.au 


Applications close on 18 April 2008 or until filled. Please quote appropriate 
reference number. 


‘The University reserves the right to invite applications or notto make an appointmert. 
Equal Opportunity in Employment is Univesity Policy 


Visit our websit 
www.jcu.edu.au 
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Karsten Gottke, sanofi-aventis 


Frontiers in Genetics proposes an international program for doctoral training 
supported by the Swiss National Science Foundation. The pragram is based al 
the University of Geneva but includes participating members at the Universities 
of Lausanne, Zurich and Basel, at the Swiss Federal Institutes of Technology in 
Lausanne and Zurich, at the Swiss Institute for Experimental Cancer Research 
(ousanne) ond the Friedrich Miescher Institute (Basel). The program accepts 
studenis wishing to carry out a PhD starting in October 2008 and provides a 
strong background in molecular genetic, genomic and proteomic approaches 
for the study of modern biological problems 
We are seeking outstanding candidates with a degree in biological or physical 
sciences anda commitment to a career in research. The students selected will re- 
ceive stipends for four years, subject to completion of all program requirements. 
Applicants should download and send the registration form, a letter describing 
their interests, background and research experience, an official transcript of 
their university curriculum with grades, and cortact information of 3 persons 
who can supply letters of recommendation, to: 
Ms. Bérénice Krebs 
National Center of Competence in Research Frontiers in Genetics 
30, Quai Emest-Ansermet 
CH- 1211 Geneva 4, Switzerland 


Participating members: 

Stylianos E. Antonarakis, Silvia Arber, Konrad Basler, Denis Duboule, Susan M. 
Gasser, Marie Gomez, Ernst Hafen, Pedro Herrera, Francois Karch, Ulrich K. 
Laemmli, Joachim Lingner, Serge Nef, Ivan Rodriguez, Botond Roska, Ariel Ruiz 
| Altaba, Ueli Schibler, Dovid Shore, Pierre Spierer, Francoise Stutz, Bernard 
Thorens, Didier Trono, Jean-Dominique Vossalli, Walter Wahli 


Mil 
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DUKE 


GRADUATE MEDICAL SCHOOL 


Wier 


Faculty Positions 
—All Ranks - 
Program in Emerging Infectious Diseases 


‘The Duke-NUS Graduate Medical School Singapore (Duke-NUS GMS) is unique in 
bringing post-baccalaureate, research-intensive medical education to Asia, and 
represents a truly global partnership between two leading universities; National 
University of Singapore and Duke University. The Duke-NUS GMS sheres a modem 
campus with Singapore's largest hospital and several national research centers. 
The Duke-NUS GMS is creating a world-class, academically based Program in 
Emerging Infectious Diseases that will both enhance health care in Singapore and 
serve as a national and international resourcs of excellence in emerging infectious 
diseases. The mission of the Program faculty will be to conduct high-level basic, 
applied and translational research, and to train graduate students, post-doctoral 
fellows, physician scientisis and scientists in the disciplines relevant to emerging 
infectious diseases. 


We are seeking individuals with outstanding scientific credentials for the Program. 
Faculty will be provided with the space and resources necessary to conduct state 
ofthe art research. The packages for faculty recruits will include full salary, generous 
start-up, and five years of annual research funding of up to S$500K/p.a., assuring 
a stable base of support that can be supplemented by competitive grant awards, 
which are expanding rapidly in Singapore. Areas of initial focus include dengue, 
influenza and zoonotic diseases. In addition to basic and physician scientists, we 
are seeking epidemiologists and entomologists. The faculty members will join the 
pioneering Duke and Singapore investigators already affllated with the Duke-NUS 
GMS (see www.gms.edu.sg). 


Interested candidates should send a CV and the names of three references to: 
Duane J Gubler, Sc.D, Director, Program in Emerging Infectious Diseases, 
Duke-NUS Graduate Medical School, Singapore by email to: 
faculty.id@gms.edu.sg. 


For further enquires on the faculty position, you may also email to: Duane J Gubler 
at faculty.id@gms.edu.sg. 
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A HELMHOL 


| ASSOCIATION 


The Helmholtz Association of German Research Centres is 
seeking excellent young scientists and engineers as leaders for 


20 HELMHOLTZ 
YOUNG INVESTIGATORS GROUPS 


IN SIX RESEARCH FIELDS: 

ENERGY | EARTH AND ENVIRONMENT | HEALTH | 
KEY TECHNOLOGIES | STRUCTURE OF MATTER | 
TRANSPORT AND SPACE 


The Helmholtz Association is Germany's largest organisation 
for scientific research and development. The 15 Research Centres 
united in the Association have a staff of 26,500 and an annual 
budget of about 2,3 billion euros. They perform top-ate re- 
search in strategic programmes and thus contribute to solving 
grand challenges which face society, science and industry. 
The Association's potential for realising these ambitious abjec- 
tives lies in the excellence of its personnel, its world-class large- 
scale facilities and scientific infrastructure and its experience 
in researching systems of great complexity. 

The Young Investigators Groups will promote and further streng- 
then collaborations between the Helmholtz Centres and 
universities. 


ELIGIBILITY: individuals who have earned a doctoral degree 
within the last six years and have achieved a superior record 
of accomplishment during their doctoral and post-doctoral 
research. 


DURATION: 5 years with a peer evaluation. 


PERSPECTIVE: Permanent employment, if evaluation 
attests excellence of group leaders. 


APPLICATION: 
Step 1 Candidates contact the Helmholtz Centre of their 
choice with a CV, publication list and a letter of intent. 
Step 2 The formal applications must be submitted by 
the chairman of the executive board of the Centre. 


For further details and application information: 
www.helmholtz.de /yig 


DEADLINES: For applicants: 5 May 2008 
For Helmholtz Centres: 30 June 2008 


The Helmholtz Association is an equal opportunity employer 
and is committed to increasing the percentage of women in 
group leader positions. 


Contact: marianne.feldmann@helmholtz.de 
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The Rockefeller Foundation 
(RF) works around the world 
to promote the well-being 
of humanity by expanding 
opportunities for poor and 
vulnerable people. With assets 
of almost $4 
the largest private foundations. 


ROCKEFELLER 
FOUNDATION 


ion, it is one of 


Managing Director, Southeast Asia 
Bangkok, Thailand 


‘The Managing Director plays a key role in evaluating new and existing program initiatives 
for the Foundation and manages all day-to-day activites of the work and office in 
Southeast Asia. Individual will have overall responsibility for developing the regicnal 
strategy for initiative implementation, managing staff and other resources; providing 
leadership; ensuring effective communication and serving as a representative of the 
Foundation to multiple constituencies. Specifc responsibilty will also include helping to 
develop as well as leadirg Foundation initiatives and issues development in the "Climate 


Must have an advanced degree (PHD, JD, MA, MPP. MBA) in an area related to Public Policy, 
Social Policy, Law, Business, Environmert and Climate Science) and a minimum of 10 years 
related work experience, including at least 5 years in a managerial capacity. Must also 
possess strong leadership and strategic planning skills as well as atrack record of turning 
ideas into measurable outcomes. Creativity and the ability to apply a new perspective to 
problems and opportunities are also needed. Experience with evaluative research 
methods helpful The abilty to travel extensively s a must, 


The Rockefeller Foundation offers a generous benefits package and competitive salary 
commensurate with experience. For consideration, please email CV, stating position of 


interest, by April 21, 2008, to: hr1@rockfound.org 


The Rockefeller Foundation is an Equal Opportunity Employer. 
Nwi26e98R, 


www.rockfound.org 


Assistant Editor 
Nature Biotechnology 


Nature Biotechnology seeks an Assistant Editor for its editorial team 
based in New York. Expettise in systems biology and/or computational 
biology would be desirable, but not required. 


Members of the editorial team evaluate manuscripts, oversee the peer 
review process, commission and edit secondary materials such as 
Reviews, and write short pieces and editorials for the journal. The 
successful applicant will attend scientific meetings and visit laboratories 
to maintain contact with the international scientific community. The 
position will play a key role in consolidating Nature Biotechnology’ 
presence in the fields of systems biology and computational biology. 


Excellent communication skills and a willingness and ability to learn 
new fields are a must. Applicants should have completed a Ph.D. in the 
biological sciences, 

To apply, an interested candidate should submit a curriculum vitae, a 
short (500-1000 words) News and Views-style article on an exciting and 
newsworthy recent development in biotechnology, and a cover letter 
explaining their interest in the position to Human Resources 
Department, Nature Publishing Group. 

All applications should be sent via email to; admin@natureny.com, 
Please place “Assistant Editor Nature Biotechnology” in the subject line, 


All applicants will be reviewed upon receipt with a close date of March 
31, 2008. 


Nature Publishing Group 
75 Vatick Street 
New York, New York 10013, USA. 


nature publishing group 
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nature 
chemical biology 


Locum Assistant Editor 


Nature Chemical Biology seeks a Locum Assistant Editor to join their editorial 
team for a period of six months to cover a maternity leave. The journal 
publishes high quality articles at che interface of chemistry and biology. For 
more information about Nature Chemical Biology, see our website 

(hetp:! Avww.nature.com/naturechemicalbiology). 


Candidates should have a broad interest in science, excellent communication 
skills, and a willingness and ability to leam new fields. Applicants should have 
a Ph.D. in chemistry or biology, with demonstrable research achievements 
Postdoctoral experience is preferred but not required, The journal team is 
particularly interested in broadly trained applicants with significant 


knowledge of chemical and biological systems. 


Key elements of the position include the selection of manuscripes for 
publication, and commissioning, editing and writing other content for the 
journal. This is a demanding and extremely stimulating position, which 
requires a keen interest in the practice and communication of science. The 
successful candidate will therefore be dynamic, motivated and outgoing, and 
must possess excellent interpersonal skills, 


To apply, please submit a CV, a cover letter explaining yourinterest in the 
position and possible start date, along with a ‘News & Views’ style article (800 
words or less) on a recent paper from the chemical biology literature. 
Applications should be sent (attached pdf files preferred) to Human Resources 
Department, Nature Publishing Group by e-mail: admin@natureny.com as 
soon as possible but not later than 17 March 2008, Position in our Boston 


office, 
nature publishing group 
NPG is an Equal Opportunity Employer. Additional information about Nature 


Publishing Group is available at sp ura nature.com, 
rzoue 


UNIVERSITY OF 
CAMBRIDGE 


www.cam.ac.uk/jobs/ 
Aworld of opportunities 


The Herchel Smith Professorship 
of Medicinal Chemistry 


The Board of Electors to the Herchel Smith Professorship of Medicinal Chemistry 
invite applications for this Professorship from persons whose work falls within the 
general field of the Professorstip, to take up appointment on October 1st 2008 
‘of as soon as possble thereafter. 

The Professorship is currently assigned to the School of Clinical Medicine. 
However, the Electors expect that the person appointed to the Professorship 
will also be associated with the Department of Chemistry, pursuing a research 
programme that encompasses both fundamental chemistry and clinical 
televance. The Professor would also be expected to foster wider links 

between the Department of Chemistry and the Clinical School, 

Further information may be obtained from the Academic 

Secretary, University Offices, The Old Schools, Cambridge, CB2 1TT, 
(email: ibise@admin.cam.ac.uk), to whom a letter of application should 
be sent, together with details of current and future research plans, 

a curriculum vitae, a publications list and form PD18 with details 

of two referees, so as to reach him no later than 18 April 2008, 
Informal enquiries may be made to Professor Patrick Sissons, 

Regius Professor of Physic and Head of the School of Clinical Medicine 
(Tel. 01223 336738, e-mail regius@medschl.cam.ac.uk) and to Professor 
Jeremy Sanders FRS, Department of Chemistry (Tel. 01223 336411, 
‘e-mail jkms@cam.ac.uk). 


The University is committed to Equality of Opportunity. 
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Andrej Romanovsky MD, PhD 


Postdoctoral Fellowship 

Postion avaliable immediately studying lipid 
mediators of fever end hypcthermiain systemic 
inflammation, Profiency in molecular biology 
techniques required Additonal experience in 
neuroanatomy oF irmunohistochemsty preferred, 
Send CV 35 flldength papers, description of 
research infrests, names, ema, and telephone of 
tworeferences 


‘Andrej Romanovsky MD, PhD 
Tel: (602) 406-5059 
Email: aromano@chwedu 
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95% of advertisers 
would use 
Naturejobs again. 


www.naturejobs.com 


Source: 2003 
Naturejobs client 
survey. 


naturejobs 


imaking science work 


Read Naturejobs 
regularly. 


For better career 
prospects. 
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DIRECTOR, MICHIGAN MEMORIAL PHOENIX ENERGY INSTITUTE 
UNIVERSITY OF MICHIGAN 
ANN ARBOR 


‘The University of Michigan seeks nominations and applications for the Director of the Michigan Memorial Phoenix Energy 
Institute (MMPED, ‘The position will inciude a tenured faculty appointment in a University of Michigan academic unit 
appropriate to the successful candidate, 


‘MMPETis an interdisciplinary unit established in 2006 to facilitate and stimulate world leading research and education in 
the most important problems confronting mankind in the fields of sustainable energy production and use. MMPEI is 
headquartered at the University of Michigan, which is recognized as one of the world’s premier research universities, 

U:M is home to nineteen schools and colleges offering top-ranked academic programs and diverse cultural and social 
‘opportunities in a stimulating intellectual environment. The university is singular in its faculty's broad range of expertise 
spanning almost every important area or research and teaching, much of which is interdisciplinary in nature. Consequently, 
the University has breadth and depth to address the broadest scientific technical, and socio-political energy challenges of 
the 21st Century. The Institute coordinates and sets the agenda for energy-related research and education across the 
university in areas extending from public policy, economics, and social science, tothe physical sciences and engineering 


Reporting to the Vice President for Research, the MMPEI director is expected to be a leading expert in an energy-related 
field of science (physical, biological, or social), technology, and/or public policy, with qualifications appropriate for a 
tenured faculty appointment at the university as a full professor. The director will catalyze energy research, teaching, and 
outreach activities among the faculty, and provide leadership across the University. He or she will help to set the strategic 
direction for the Institute, and to drive the development of institutional priorities with respect to resource allocation and 
faculty recruitment/development. Finally, the director will serve as the public face of the University of Michigan's energy- 
related activities and champion the development of extemal funding from national, state and private sources. The successful 
candidate will possess outstanding skills of leadership, collaboration, and organization-building. 


‘The University has retained J. Robert Scott Executive Search to assist in the search. Nominations and letters of 
application, including curriculum vitae and the names and contact information for three references, should be sent to: 


Jonathan Fortescue, Ph.D. 
‘Managing Director 
Education/Not-For-Profit, 

J. Robert Scott Executive Search 
260 Franklin Street, Suite 620 
Boston MA 02110 
Email; 91612@j-robert-scott.com 
Electronic Submissions Preferred. 


‘The University of Michigan is an Affirmative Action/Equal Opportunity Employer. 
Individuals from traditionally underrepresented groups are especially encouraged to apply. 
nwi2eatan 


BIOLOGICAL SCIENCES 
FACULTY POSITION 


‘The Department of Molecular and Cell Biology of 
The University of Texas at Dallas 
(http://Awww.utdallas.edu/biology/) invites 
applications for tenure-trackitenured assistant 
professor, associate professor, full professor and 
endowed professor positions in emerging areas of 
biological sciences. Preference will be for 
investigators whose expertise complements existing 
strengths in the department. Areas of particular 
interests include structural biology, neuroscience 
and cell biology, computational biology, systems 
biology, microbial pathogenesis, molecular, cellular 
and nanobioengineering, and blood diseases. The 
Schools of Natural Sciences and Mathematics, 
Behavioral and Brain Science, and Engineering and 
Computer Science are expanding, with an emphasis 
‘on recruiting faculty who can foster interdisciplinary 
interactions. Applicants should show evidence of a 
vigorous and independent research program that is 
‘or can be extemally supported, Applicants for senior 


DEPARTMENT HEAD 
MICROBIOLOGY, MOLECULAR 
BIOLOGY 

AND BIOCHEMISTRY 


Announcement #12006062218 


The University of Idaho invites applications a Department 
Head in Microbiology, Molecular Biology and Biochemistry. 
‘We are seeking an individual with a vigorous research 
record in the area of microbial pathogenesis who 
can provide strong leadership for the department. 
‘The successful candidate will utlize a wide range of 
‘approaches to understand the molecular pathogenesis of 
infectious diseases. In addition, the candidate is expected 


to build 2 team of investigators with a thematic focus that 
qualifies for the NIH COBRE program and seek funding to 
support that team. 


Requirements: APh.D. in Microbiology, Molecular Biology, 
Biochemistry, Genetics, Biology or a related field and strong 
research leadership experience at an academic institution 
‘with a strong publication record; teaching experience at 
‘the undergraduate and graduate level; existing nationally 
competitive research program in microbial pathogenesis 
and a. compatible level of funding. 


Toappy, vst WWW. hr.uidaho.edu 


‘An Equal Opportunity/Affimatve Acton Employer. 


Nwi2se05R 


faculty positions should have a demonstrated record 
of extemal funding, Teaching responsibilities will 
include participation in appropriate graduate and 
undergraduate courses. Review of applications will 
begin immediately and will continue until all 
positions are filled. Indication of sex and ethnicity 
for affirmative action statistical purposes is 
requested as part of the application but is not 
required, Forward curriculum vitae and short 
descriptions of research plans and teaching interests, 
and have a minimum of three letters of reference 
sent to: Academic Search #20093, The University of 
‘Texas at Dallas, 800 W. Campbell Road, AD 42, 
Richardson, TX 75080-3021. 


UTD is an AA/EO Employer 
Nwize7s2n 
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Faculty of Science 
School of Pharmacy and Biomedical Sciences 


Senior Lecturer in Pharmaceutics 
£32,796 - £40,335 


We are seeking a Pharmacist or Pharmaceutical Scientist qualified to 
PHD level in an area related to pharmaceutics/drug delveryffomulation. 
The successful candidate will have a good record of publishing in 
peer-reviewed joumals and is expected to make an active contribution 
to our current research interests including biomaterials and drug 
delivery systems. An appreciation of the application of formulation 
tosupport clinical practice would be considered highly desirable as 
would undergraduate and postgraduate teaching experience. 
Previous formulation work in either a hospital or industrial environment 
would also be advantageous. 


The successful candidate will contribute towards the teaching of 
pharmaceutics including biopharmaceutics, basic and advanced drug 
delivery and other related subjects to students on our highly rated, 
fully accredited Masters degree in pharmacy and other associated 
pathways. In addition, a contribution to the teaching and supervision 
of students on a variety of postgraduate routes, e.g, MSc, MPhil, PhD 
and Professional Doctorate will be expected. The applicant will also 
be expected to make a significant input into the design and 
management of degree pathways. Success in obtaining research 
funding would also be very adventageous. 


Unleashing Potential 


For an informal discussion, please contact the Head of School, 

Dr John Wong on 023 9284 3594 or email: john.wong@port.ac.uk or 
the Head of Pharmaceutics, Dr Michael Norris on 023 9284 2629 or 
email: mike.noris@port.ac.uk Ref: ASCI 2019/N. 


2 x Senior Lecturers in 
Pharmacology 


£32,796 - £40,335 
Available from September 2008 


The School of Pharmacy & Biomedical Sciences is seeking to 
recruit two established scientists with a background in pharmacology 
or physiology. 


Candidates should have a first degree in an appropriate subject 
(pharmacology, physiology or biochemistry), and a PhD in a relevant 
field. You must be a self-motivated researcher with a good 
publication record in peer-reviewed joumals. You will be expected to 
develop a research programme that is either related to, or complements, 
one of the areas of research strength in the School (neuropathology 
and oncology, molecular medicine, musculoskeletal pathology, 
respiratory, neuro and gastrointestinal pharmacology). Research in 
the School forms part of the University’s Institute of Biomedical and 
Biomolecular Sciences (RAE Grade 5). 


You will also contribute to high-quality teaching (scored 24 out of 24 in 
QAA review) in a range of undergraduate and postgraduate programmes, 


For an informal discussion, please contact Dr John Wong, 
Head of School on 023 9284 3594 or emall: john. wong@port.ac.uk 
or Dr James Brown, Head of Pharmacology an 023 9284 2154 

or email: james.brown@port.ac.uk Ret: ASC! 6020/N. 


To find out more about us and the roles we have on offer 
visit www.port.ac.uk/vacancies and apply on-line. 
Alternatively, telephone 023 9284 3421. Please quote the 
reference number on all communications. 


Closing date: 21st March 2008. 


Personnel Services, University House, 
Winston Churchill Avenue, 


Portsmouth PO1 2UP. CX) e 3e 


Committed to equality ed University of 
of opportunity nvistormmons Portsmouth 
usz70018 


ulm university universitat 


; uulm 


Ulm University invites applications for the 


Junior-Professorship *Tropical Botany“ 


donated by the Carl-Zeiss-Foundation 


at the Institute of Systematic Botany and Ecology for a time span of six 
years. 


Biodiversity and the animal-plant-interactions are one ofthe topics of 
the Biology at the Ulm University. The candidate should have an ex: 
record on the field of tropical biodiversity and his/her focus in one of the 
following fields: 


lent 


* Structure and function of plant surfaces regarding their biotic and 
abiotic interactions 

© Structural and functional diversity of plant vessels 

* New matetials derived from the biodiversity of plant structures and 
mechanical adaptations 


Teaching responsibilities include providing courses in the relevant areas 
of biodiversity, tropical biology and his/her own research field for students 
of Biology at Bachelor and Master level. Courses at Master level should 
be taught in English, The professorship can rely on good laboratory 
equipment, herbarium and botanical garden with experimental facilities, 
The Ulm University offers also several possibilities for scientific coopera- 
tion in tropical biology, especially regarding animal-plant.interactions. 


The selection and employment procedure is based on the regulations 
laid down by university law regarding the appointment of professors. 
Preconditions for employment are successful completion of acedemic 
studies at an institution of higher education, pedagogical aptitude, 
teaching experience and an outstanding Ph.D doctorate. 


The appointment will initially be on the basis of a temporary civil senvant 
status (Ws) or on an employee status for four years. Following a posi 
evaluation, there will be 2 further two years’ extension, Continuation in a 
tenure-track (W3) is possible after successful evaluation and approval by 
the bodies of Ulm University and the Ministry for Research (MVIK), State 
of Baden-Wurttemberg, Germany. 


The University of Ulm is committed to increase the share of women in 
research and teaching positions and therefore explicitly encourages 
female candidates to apply. 


Please submit your application together with a curriculum vitae, a brief 
description of research and teaching interests as well as a list of pub- 
lications together with copies of the five most relevant publications 

to the Dean of the Faculty of Natural Sciences, Prof. Dr. K.-D. Spindler, 
Ulm University, Albert-Einstein-Allee 11, D-89081 UIm, Germany, no later 
than April 4, 2008, More specific informations about this announcement 
can be obtained from Prof, Dr. M. Kazda, marian.kazda@uni-ulm.de, 
phone +49 731 50-2702. 


Physically disabled applicants receive favourable consideration when 
equally qualified. 
weea5en 


Visit 


www.naturejobs.com 


to seriously improve 
your career prospects. 


The Center for Genomic Regulation (CRG, http:/www.crg.es/) is a leading genomics research institute, associated with the University 
Pompeu Fabra (UPF) and located at the Parc de Recerca Biomédica de Barcelona (PRBB, http:/www.prbb.org/). The CRG contains six 
research programmes: Gene Regulation, Differentiation and Cancer, Cell & Development Biology, Systems Biology, Genes and Disease 
and Bioinformatics & Genomics, and has a partnership with the EMBL through the Systems Biology programme. The PRBB includes three 
other institutions devoted to biomedical research: the Department of Life and Health Sciences of the UPF (CEXS/UPF, 
http:/www.upf.edu/cexs/), the Municipal Institute of Medical Research (IMIM, http:/www.imim.es/) and the Centre for Regenerative Medicine 
of Barcelona (CMRB, http:/www.cmrbarcelona.org/). To give support to this scientific community the CRG has built state of the art Genomics 
and Light microscopy facilities, as well as Screening and FACS facilities. New developments contemplate a top of the art proteomics 
facility. The CRG recruits academic staff and faculty internationally and encourages mobility and exchange. 


. ‘ Wane i atl Ref. DC-GL 0308-01 


The Senior Scientist appointment comes with an indefinite (rolling tenure) contract. Funds are provided for a Staff Scientist, a Postdoctoral 
Position, a Technician and a Graduate Student, an equipped laboratory for up to 12 people, a start-up package, as well as funding for 
consumables and special equipment. 

- The Differentiation and Cancer Programme focuses on the Epigenetic events in cancer (L. Di Croce), Epithelial homeostasis and 
cancer (S. Aznar-Benitah) and Hematopoietic stem cell biology and differentiation (T. Graf). We are seeking to appoint a researcher 
interested in the biology of mammalian stem cells and the role of transcription factors, circadian regulators and non-coding RNAs in cancer 
and cell reprogramming. 


Thi Leader positions in several Programm: 


The Group Leader positions come with an initial contract for 5 years, renewable for 4 additional years upon review by an external scientific 
committee, Funds are provided for a Postdoctoral position, a Technician and a Graduate Student, an equipped laboratory for up to 7 
people, a start-up package, as well as funding for consumables and special equipment. We have openings in the following programmes: 


- Gene Regulation Programme - Ref. GR-GL 0308 

This programme is coordinated by M. Beato and encompasses two senior groups (J. Valcarcel and R. Shiekhattar) and three group leaders 
(R. Méndez, F. Gebauer and J. Vilardell) that work on various aspects of transcriptional and post-transcriptional gene regulation. Additionally 
GRG is also implementing a transversal project on "Cell Reprogramming", We are looking for a new group leader working in any field of 
gene regulation that will complement the existing groups. The candidate should have an excellent scientific record, be prepared to lead 
an ambitious independent group and to collaborate with the local scientific community. 


= Cell & Development Biology Programme - Ref. CDB-GL 0308 

The programme is coordinated by V. Malhotra and comprises one senior group (|. Vernos) and one group leader (H. Lopez-Schier), as well 
as the Advanced Light Microscopy Unit headed by T. Zimmermann. The CRG is recruiting an additional group leader interested in cellular 
and molecular aspects of development. 


- Differentiation and Cancer Programme - Ref. CDC-GL 0308-02 
This programme, coordinated by T. Graf, is looking for an additional group leader interested in mammalian stem cells, differentiation and 
mechanisms of cancer and in the fields described above. 


Candidates should send a CV with list of publications, a brief research proposal and the addresses of at least 3 potential references to: 
Miguel Beato, Director 
Centre de Regulacié Gendmica 
Dr. Aiguader 88, 08003-Barcelona, Spain 
rrhh@erg.es 


Applications Deadline: 8 weeks after the publication of this add. 
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Max-Planck-Institut 
fiir Neurobiologie 
Martinsried/Minchen 


The Department of Neuroimmunology (Director 
Hartmut Wekerle MD), Max-Planck-Institute 
of Neurobiology, seeks a 


(neuro-) immunologist or 
neurobiologist 


with interest in interactions between cells of the immune and nervous 
system. The positionis on postdoctoral/senior postdoctoral level. The 
department, in cooperation with the Institute of Clinical Neuroimmu- 
nology, University of Munich, combines clinical and experimental 
approaches to study mechanisms of autoimmune responses within 
the central nervous system. The research is aimed to elucidate the 
pathogenesis of multiple sclerosis and ultimately to discover new, 
specific therapies. Our experimental projects combine multiphoton 
imaging and molecular analyses to study the behavior of autoimmune 
T lymphocytes within CNS and peripheral milieus, and use recently 
developed models of spontaneous brain autoimmunity to explore 
interactions between myelin-specific T and B cells. For more details, 
please visit our website (http://www.neuro.mpg.de/english/ 
rd/ni/research/indexthtm). 


The ideal candidate is an enthusiastic, interactive, and creative 
scientist with experience in cellular or molecular immunology (T 
and/or B cells) or in cellular neurobiology and with the ability to inte- 
grate in a interdisciplinary team and to supervise PhD students. This 
position will provide an excellent opportunity for building up a scien- 
tific career including Habiitation. 


Our research is funded by the Max-Planck-Society, Deutsche 
Forschungsgemeinschaft (SFBs) and corporate sponsors. The MPI of 
Neurobiology islocated in the south of Munich within one of Europe's pre 
mmier research campuses composed of Max-Planck-Institute, University 
Centers (Biology and Medicine) end a large number of biotechnological 
companies. Salary will be according to German tariff (TVD). 


The Max Planck Society is committed to employing more disabled 
individuals and especially encourages them to apply. The Max Planck 
Society aims to increase the number of women in those areas where they 
are underrepresented and urges them to apply. 


Interested candidates are invited to apply with a cover letter summa- 
rizing scientific accomplishments, research and career goals, reaso- 
nisfor the interest in our project, and alist of three references. 


Max-Planck-Institut fiir Neurobiologie 
‘Am Klopferspitz 18 
82152 Planegg-Martinsried 
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School of the Environment and Natural Resources, 
College of Natural Sciences, 

Bangor University 

and 

Cenire for Ecology and Hydrology 
Natural Environment Research Coun 


Chair or Reader in 
Environmental 
Sciences/Physical Geography 
Salary negotiable (minimum £48,023 p.a.) 

We invite applications from candidates with an international reputation and an 
outstanding reseerch record to this exciting new post in the University. The post 
is jointly funded for the first 6 years to facilitate closer interaction between the 
University and the Centre for Ecology and Hydrology Bangor station of NERC 
which is housed in a new, environmentally designed building on the Bangor 
University science site. Applications are particularly welcomed from individuals 


with experience in soils and sustainsble land use, catchment science, hydrology 
or blogeochemisty. 


The successful candidate will have @ strong track record of publications, of 
attracting research funding, and of academic leadership. They will be expected to 
idently opportunities for collaborative research with the Centre for Ecology and 
Hydrology Bangor (http://www.ceh.ac.uk/sectione/befibef.html) and to help 
deliver the joint vision of the Environment Centre Wales which has been 
funded to £5.8M by the University and NERC. The University is committed to 
developing Geography and the successful candidate will also take a leading role 
in developing the curriculum at undergraduate and postgraduate level. 


Salary and application process. This is a permanent position. The salary is 
negotiable, minimum £48,023 p.a. 


Application forms and further particulars should be obtained by contacting 
Human Resources, Bangor University; tel: (01248) 382926/388132; 
‘email: personnel@bangor.ac.uk; web: www.bangor.acuk 


Please quote reference number 08-7/123 when applying, 


Closing date for applications: Friday 4 Apri, 2008. Interviews will be held on 
80 April, 2008, 


For informal discussions concerning this position, candidates are encouraged to 
contact Professor Stephen Hawkins, Head of the College of Natural Sciences, 

tel: +44 (0)1248 382608; e-mail: shawkins@bangor.ac.uk; 
or Dr David Wright, Head of the School of the Environment 


and Natural Resources, tel: +44 c fk 
(0)1248 382286; e-mal: | See a Hipaisteny 
diwright@ban gor 26.uk 


prrsco BANGOR envessny 


Wedi Ymrwymo i Gytle Cytartal » Committed To Equal Opport 
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Group Leader Positions in 


Epigenetics & Development WLS 
‘Two group leader positions are avalsble in the Epigenetics and Development Section 


at the MRC Clinical Sciences Centre. Potential areas of research include biology of 
stem calls and cell commitment. chromatin biochemistry, chromosame biology, 
sysvems-based approaches to transcriptional regulation and the interface between 


signaling pathways and epigenetic regulators. 


Applicants will have an excellent scientific reputation at or approtching international 
level as measured by an outstanding publication track record and high measures of 
esteem. Successful applicants will be expected to establish an internationally 


competitive research programme. 


‘The MRC Clinical Sciences Centre is a dinect funded MRC 
Instituve locaved on the Hammersmith Campus of Imperial 


College in West London. 


‘The Insticute provides a comprehensive range of research 
services including transgenic, proteomic, FACS and confocal 


= microscope facilities, 


Current research in the Epigenetics and Development Section 
includes epigenetic regulation of gene expression, molecular 
mechanisms of transcriptional control, regulation of the cell 


eyele and mammalian development. 


The research environment provides excensiva opportunities for 


collaboration and interaction, 
A generous startup package is available for suceaastul 


For more inferrnation visit our web site: www.cscs 


applicants 


mreacuk 


reference number CSCO8/I27 


Anferral enquiries can be made to 


Niall Dillon e-snatt niall difon@esc. 


snreacuk 


There is no formal deadtine for applications although 
we are secking to fil these pasitons by the end of 2008 


UNIVERSITY° 
BIRMINGHAM 


School of Biosciences 


of ape locomotion on flexible branches 


flexible branches in apes (including humans) to establish whether t 


the biomechanics, muscle-activty patterns and muscle-tendon-unit 
behaviour of human and orangutan bipedalism. 


You should have a PAD and proven experience in engineering, 
biomechanics and/or computer modelling with an interest in 


‘computer modeling techniques is also desirable, Preference will be 
to applicants that can demonstrate skils in a number of these areas. 


skthorpe@bhamac.uk 
Maximum starting salary £25,134 a year, in the range of 


April 2008 for a period of 33 months 
Interviews will be held in early April 


Details from 2 0121 415 9000 or www.hrbham.ac.uk/jobs 
HR, University of Bitmingham, Edabaston, Birmingham B15 


A University of Faimess and Diversity, 


Research Fellow investigating the mechanics 


Applications are invited for an NERC-supported Research Fellow position 
to study the mechanical interaction between arboreal bipedalty and 


his 


behaviour could have been pre-adaptive for the adoption of habitual 
bipedalty by eatly hominins, This post willinclide design of a portable 
compliant branch system and lab, z00 and computer simulation studies of 


biology/physical anthropology. Experience with kinematic, kinetic, EMG, 
Ultrasound, 02 consumption and ADAMS/LifeMod and/or ABACUS 


given 


Informal enquiries can be addressed to Dr Susannah Thorpe on email: 


£25,134 - £32,796 a year (potential progression on performance 
‘once in post to £34,813 a year). This position is available from 


Closing date: 28 March 2008 Ref: H46205 


oT 


uras968R 


LEEDS 


Leeds Institute of Molecular Medicine (LIMM) 
Section of Experimental Therapeutics 


Research Technician 


Applications are invited for a technical position in Leeds Institute of Molecular 
Medicine (LIMM) to work on the generation and analysis of human cancer 
models using gene targeting in embryonic stem cells (ES cells), You will 
prepare and transfect targeting constructs for making mutations corresponding 
to chromosomal translocations (or other human tumour-associated changes} 

in ES cells and inject selected clones into blastocysts. In addition, transgenes 
will be made and injected into pro-nuclei. These projects will be carried out 

in collaboration with the biologists in LIMM. 


The post will be held in LIMM under the supervision of Terence Rabbitts 
(Director of LIMM) at the St. James's University Hospital site, in the Wellcome 
‘Trust Brenner building. 

The post is aveilable immediately for a fixed term of three years, 
University Grade 6 (£22,332 - £26,666 p.a) 

Applications should include a covering letter outlining the reason for 

the interest in the post, a CV and the namie of three academic referees, 
The full job specification must be viewed online at 
http://www.limm.leeds.ac. uk/vacancies.htm Applications should be made 
by email to Mrs Jennifer Flowerdew email j.h.flowerdew@leeds.ac.uk 
Job ref 124027 Closing date 25 March 2008 


We welcome applications from all sectlons of the community. Textphone for deaf applicants 
‘only +44 (0)113 343 4353, All information is available in aternatie formets please contact 
+44 (0)1 13 343 4146, 


urz7002R 


www.leeds.ac.uk 


WORKING TOWARDS EQUALITY AND DIVERSITY 


AICR. 


Cancer knows no boundaries. 
Fortunately, neither do we. 


AICR International Cancer 
Research Fellowship 


Applications are invited for the Association for International Cancer 
Research International Cancer Fellowship, which may be held at a research 
institute anywhere in the world, commencing on or after Ist January 2009. 


Candidates, who may come from any country, should have a minimum of 
three years and normally 2 maximum of eight years postdoctoral research 
experience when they would take up the fellowship, unless they have taken 
a career break. 


Fellowships are tenable for six years and will include a significant level of 
research support, of around £Imillion. The application will include the 
submission of a research proposal which may be in any area of non-clinical 
cancer research. 


The deadline for receipt of completed applications is 30th June 2008. 
Further information about the fellowships and an application form can be 
obtained from the AICR website: http://www.aicr.org.uk/fellowships stm 


Association for International Cancer Research 

Madras House, South Street, St Andrews, Fife KY16 9EH 

‘Tel: +44 (0)1334 477910 

Email: debbie.wheelans@aicr.org.uk 

Charity No: SC022918 ureeaasr 


2 
i=} 
3 
8 
= 
2 
a 
= 
& 
=) 
= 
< 
z 
a 


RECRUITMENT 


ey 
3 
3 
& 
$ 
2 
0 
a 
a 
9 
ey 
& 
=) 
- 
< 
Zz 
a 
N 


Council 


Protein Phosphorylation Unit 


Postdoctoral Career Development 


Fellowship Position to investigate 
the role of the LKB!-AMPK-mTOR 
signal transduction pathway in cancer 


£25,368 per annum 


A postdoctoral position in the MRC Protein Phosphorylation Unit, 
School of Life Sciences University of Dundee is available to study the role 
of the LKBI-AMPK signalling pathway in cancer. The research will be 
undertaken in the group of Professor Dario Alessi at the University 

of Dundee. Suitable candidates should have a strong interest in signal 
transduction and previous experience in molecular and cellular biology, 
or biochemistry would be advantageous. 


The MRC Unit has outstanding research facilities, provides stimulating 
environment in which to work and is recognised as one of the worlds 
leading signalling laboratories. The position is for three years and starting 
salary will be at Band 4 of the MRC postdoctoral pay scale currently 
£25,368 per annum. 

For further information on the research being undertaken within Dario's 
group including recent publications please consult our web site 
(httpd/www.dundeeac.ukllifesciences/mrcppul). 


Applications for this role must be made online at hetp//jabs.mre.ac.uk 


Please includea CV and a list of publications. If you do not have internet 
access or experience technical difficulties, please call 01793 301312, 
‘quoting reference number PPU08/I 16. 


Informal enquiries may be made to the Professor Dario Alessi, MRC Protein 
Phosphor ylation Unit via email: d.ralessi@dundee.ac.uk 

Closing date: 4 April 2008, 

For further information about the MRC visit www.mrc.ac.uk 

‘The MRC is an Equal Opportunities Employer 


‘Leading science for better health’ 


Imunicat 


is 


‘The custero{excellanos "UriCat-Unifying Conceptsin Catalysis" fers several positions fr scientific 
assistants (mainly PhD postions; saveal postdoctoral positions. BAT tla) inthe elds of chemistry, 
physics, biology andengineering tobe filed atthe Technische Universitit Berin, he Freie Universitit 
Berl, the Humboldt Universtitzu Bartin, the Universitit Potsdam (UP), the Fritz Haber Insttuteo! the 
Max Planck Society and the Max Planck Institute of Colloids and Interfaces. The positions are 
‘immediately availabe. 

Requirements: Completedscientiic education wth degree in one of the areas mentioned above or 
-acomparable qualification. Excellent written as well as spoken Engishisrequired. 

Termof contacts: Hnot specified inthe individual project, the positions erminala on 31 December 
2010 

‘The Universes envisage toensure equal opporturity or men and women, applications fom female 
candidates with the advertised qualiicationsare explcily solicited. Severely disabled aplicants wth 
‘equivalent qualification willbe given preferential treatment 

For specfic information see: http: www.unicatu-betin.de/jobs 

Apoliationswith necessar ydoouments should besentto thegivenaddresses within 3 weeks. 
\fyouwould Ike to aplyfor several the advertised positions, respective applications should besend 
‘separately indicating the projectrumberin each case. 

Application materials will not be returned, Therefore, applicants are requested to send only copes of 
alldozument, 

ifyouwouldikethe vacancies in paper form, pleasewriteta: 

Technische Universitit Bern 

Sekt. Ct 

Strabo des 17. Juni 135 

10623Bertin 


ete Urea Bele 
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INSTITUTE OF ZOOLOGY ry ee 
ZOOLOGICAL SOCIETY OF 
LONDON 
wd | 
LIVING CONSERVATION 


TWO FIXED-TERM 
POSTDOCTORAL FELLOWSHIPS 


STARTING SALARY £28,109 
(INCLUDING LONDON WEIGHTING) 


Applications are invited for up to two postdoctoral 
research fellowships, each available from 1 May 2008. 
These are four-year fixed-term appointments for 
outstanding young researchers to undertake @ programme 
of independent research within the Institute of Zoology’s 
current research themes in conservation biology 
(http://www.200.cam.ac.uk/ioz/research.htm). Applications in 
the following areas are especially encouraged, but applicants 
wishing to work on other topics relevant to the Institute's 
research will also be considered: 
© The dynamics of extinctions and/or exotic introductions 
(Professor Tim Blackburn: Tim.Blackburn@ ioz.ac.uk) 


© Biodiversity and/or macroecology, including the analysis 
of Institute large-scale databases (Dr Chris Carbone: 
Chris.Carbone @ioz.ac.uk) 

© The use of reproductive technologies for the conservation 
of threatened amphibians (Professor Bill Hott: 
Bill. Holt@ioz.ac.uk) 

‘© Behavioural and/or population ecology (Dr Guy Cowlishaw: 
Guy.Cowlishaw@ioz.2c.uk) 


Candidates must be within 5 years of completing a PhD and 
should be able to demonstrate their potential for successful 
independent research in the appropriate field. Applications 
should include a cover letter (stating preferred area of 
research of those listed if applicable), CV, a 1-2 page outline 
of the research they would develop over the course of the 
Fellowship, and the names and full contact details of three 
referees (including the candidate's PhD supervisor). 

For informal enquiries, contact the senior researcher identified 
within each specified area. 


Further details can be found at www.zsl.org/jobs 


Send applications to: Human Resources, Zoological Sociaty 
of London, Regent’s Park, London NW1 4RY or email 
hr@zslorg 


Closing date: Monday, 31 March 2008, 


Rogistered charity in England and Wales Number 208728 nee 


Naturejobs gives an 
explosive start to 
your career! 


WARWICK 


Warwick Centre For Analytical Science 


Assistant Professor 
Associate Professor 
Professor 


£33,779 -£40,335 pa 
£41,545 -£48,161 pa 
Salary negetiable 


Three strategic posts are available in the new Warviick Centre for Analytical 
Science (WCAS), aunique multidisciptnary initiative funded by the EPSRC 
Science andinnovation Scheme, one in each ofthe following areas 


Physics - Electron Microscopy Ref:34915-028 
Chemistry - Mass Spectrometry Ref:34917-028 
Statistics - Statistical Methods in Physical Sciences Ref:34916-028 


The new Centre will promote the growth of analytical science across the 
Departments of Chemistry, Physics, Statistics, Biobgical Sciences and the 
Warwick Medical School. 


Youwil have a strong track recordin your respective research area, and a desire 
o enhance your intermational research profile through interdisciplinary 
collaboration and Inowledge transfer. 


Appointments are expected to be made at Assistant or Associate Professorship 
bevel, but outstanding applications in Electron Microscopy and Mass 
Spectrometry may be considered at the Full Professor level. Each postion will be 
supported by research personnal andall are available from 1 October 2008. 


When applying please quote the relevant reference number for the specific post 
in which youare interested. 


Informal enquiries to the WCAS Director, Prof. P. Unwin, email 
PR.Unwin@warwick.ac.ux 02476 523264 


oF the Heads of the Departments of: 
Physics - Prof. M.J. Cooper, email Mx). Gooper @warwick ao. uk 
Chemistry - Prof. Pu. Sadler, ermal FRS, PJ Sadler@warwick.ac.uk 
Statistics - Prof. J Hutton, emai J.L Hutton@warwiok.ac.uk 


Application packs are available from Human Resources on 024 7652 3685 
(24 hour answerphone), by email recruit@warwick.ac.uk, our website 
below or www.jobs.ac.uk/warwick. An application form MUST be 
completed if you wish to be considered for this post. 


Closing date for applications is 28 March 2008 
urz7o10R 


www.warwick.ac.uk/j 


The University Values Diversity 


Need to find the ideal candidate fast? 


Visit 
www.naturejobs.com 


to discover how applicants can 
respond directly to you by email. 


naturejobs 


making science work 


University of Oxford 


Department of Zoology 


University Lectureships in Zoology: 
(1) Development/Ecology 

(2) Quantitative Evolutionary Ecology 
In association with Lady Margaret Hall and Wadham College 


‘The Department of Zoology proposes to appoint two University Lectureships 
with effect from 1 September 2008 or as soon as possible thereafter. The successful 
candidates will be offered an Official Fellowship and Tutorship by Lady Margaret Hall 
{position 1) and Wadham College (position 2), under arrangements described in 
the further particulars. 


Preference for position 1 will be given to applicants working at the interface of 
developmental biology and ecology, or ecological/evolutionary genomics. 
Applications for position 1 will also be considered from candidates working at 
the interface between any two or more of the Department's specialist research 
fields: behaviour, development, disease, ecology, entomology, evolution 

and omithology. 


Position? is for a quantitative evolutionary ecolodist. You will be required to 
‘engage in research, which will contribute to the Department's research 
reputation; to teach, supervise and examine undergraduate and graduate 
students and to contribute to administration in the College and Department. 


Further particulars, containing details of the application procedure and of 
the duties, may be obtained from: paul.harvey.pa@zoo.ox.ac.uk or by 
visiting: http://www.z00.0x.ac.uk The closing date for applications is 

4 April 2008. 


‘The University are Equal Opportunity Employers. 
We positively encourage 
applications from people of all backgrounds r2s000RM 


www xX.ac.uk/job 


ax Planck Institute 
for Marine 
Microbiology 


Ww 


The Max Planck Institute (MPI) for Marine Microbiology in Bremen 
and the Center for Biotechnology (CeBiTec) of the University of 
Bielefeld plan to establish a rasearch group for the investigation of 
microbial communities involved in the generation of energy from bio- 
mass. The group will be located at the MPI Bremen, an interdiscipl- 
nary center of environmental microbiology, but will have full access 
to genomics facilities of the CeBiTec Bielefeld. The group leader will 
be appointed associate professor atthe University of Bielefeld with a 
reduced teaching obligation of 2 hours. 


The Max Planck Institute for Marine Microbiology invites applicati- 
‘ons for an 


Independent Junior Group Leader 
Position (W2) 
in Microbiology of Sustainable Energy Production. 


A particular focus is on complex anaerobic communities, microbial 
physiology, biochemisty, and ecology. 


The position will be available for a period of five years, and includes 
a tenure-track option (W3) at the University of Bielefeld. 


A search symposium will be held upon pre-selection of candidates 
(tentative date: June 2008). A Ph. D. in a related field, postdoctoral 
experience, and a visible record of independent research is required. 


Please send your electronic application including curriculum vitae, a 
list of publications and a concise description of previous achieve- 
ments, research plans and perspectives 
(up to 2 pages) before 18 April, 2008 

‘to snwg@mpi-bremen.de 

(please use this contact also for 
questions regarding this position). 


wr27005R 
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Seheiche Unde Bein 


‘The Guster of Excellnce (CoE) “Unifying Concepts in Catalysis” in Bertin seekstfor excellent young 
‘researcher asleadersof Junior Research Groups (Garman salaryscheme BATIb). 

‘tthe Technische Universt2tBertin up to five research groups thatwil be funded theend of Octobor 
2012may beinstalledin varius fields ofthe CoE ‘programme suchas, for example, Natural Product 
‘Synthesis, Surface Nanopatterning, or Molecular Modeling. Applicants having an excellent research 
record should submit innovative research proposals that complement the research programme ofthe 
CoE (see also: http//wwwunicat.trberinde/). Applications should be addressed to Technische 
Universitit Borin, Uicat, Institut fox Chemie, code numberF0-988,Sekr. C1, StraBe des 17. Juni 135, 
0.10623 Berin within 4 weeks. 

‘Additionally, wo postions (German salary scheme BAT-O Ib) for Junior Research Group leaders are 
‘immediately pened atthe Humboldt Universit Berin, Faculty of Mathematiosand Natural Sclenes|, 
Department of Chemistry in the feds of "Bioinorganic Chemisty’ and “Theoretical Bioinorganic 
Chemistry”. Applicants should have an outstanding record of achievementin important areas ofthe 
abovementioned fields which complement the existing research activiles ofthe Department for 
Chemistry as well as the catalysis research within the Borin area. Scientlic exchange wth research 
institutes within and outside Humboldt Universitat zu Bern (HU) and with high tech companies atthe 
scienceparkBerin-Adlershofandinthe Batin areawil be apprecited, Tha candidate wilbeinvalved 
in theteaching of stents covering the entre fleld of Inorganic chemistry and Theoretical Chemistry, 
respectively. 

‘Applizants must be qualified by a postdoctoral research period of 2 - 4 years efter graduation HU 
seeks to increase the number of female employees in research and teaching and thus in particular 
‘invites qualied female scientists to apply or this vacant position. Physically handicapped persons 
willbe prefered, ithayare equally qualified, 

‘Applications with necessary documents should be sent to Dekan der Mathematisch- 
Naturwissenschaftichen Fakutat, Humboll Universitat zu Bertin, code numberDR/O67/07, 12489 
Berlin, Newtonst. 14, within 4 weeks. 

Application materials will not be returned. Therefore, you are requested to send only copies of all 


documents, 
wiesaesh 


HUMBOLDT-UNIVERSITAT ZU BERLIN 


Cares 


‘The Faculty of Mathematics and Natural Sciences and the Department of Biology 
invite applications for a 


Full Professorship (W3) in Theoretical Neuroscience 
Applicants should be able to establish a strong research and teaching program in 
‘computational, theoretical or cognitive neuroscience within the department's area 
of Theoretical Biology and Neurosciences. Candidates should have demonstrated 
expertise in the analysis of neural data and the modelling of experimental results; 
we welcome candidates who do both modelling and experiments. The successful 
candidate will collaborate with the Bemstein Center for Computational Neuro- 
science Berlin, which offers a Master's and PhD Program in “Computational Neuro- 
science" taught entirely in English. In addition, Berlin is host to many internationally 
recognized research consortia of relevance to neuroscience and provides a vibrant 
scientific community 

Applicants must meet the legal requirements for appointments of professors in 
accordance with § 100 ofthe “Berliner Hochschulgesetz". Applications from women 
and physically disabled persons are encouraged. Humboldt-Universitit actively 
seeks to increase the number of women in research and teaching. 

Applications should include three letters of recommendation, curriculum vitae, list 
of publications, reprints (max. s), and a short research proposal (max. 5 pages) del- 
neating the candidate's vision for doing theoretical neuroscience in Berlin. Materials 
should refer to the reference number PR/oog/o8 and be sent to the following 
address: Humboldt-Universitat zu Berlin, Dekan der Mathematisch-Naturwissen- 
schafichen Fakultat |, Herrn Prof. Di.C. Limberg, Unter den Linden 6, 10099 Berlin, 
Germany. Application materials will not be returned, Therefore, you are requested 
to send only copies of all documents. Additionally, electronic copies of all materials 
should be sent by email as PDFs to theorneuro@bccn-berlin.de. To ensure full 
consideration, applications should arrive no later than April 15, 2008, 


Wwi2e90R 


ig Chief Scientific 
eleThon Officer 


Job Description 
Telethon is an internationally recognised Italian Foundation that funds research in the 
field of human genetic diseases. 

Telethon invites applications for the position of Chief Scientific Officer who will coordinate 
the activities of its Scientific Office based in Milan. 


The responsibilities ofthe scientific office areas follows: 
a) Defining Telethon’s scientific policies 
b) Overseeing the peer review-based evaluation and selection of projeds 
Evaluating the results of funded projects 
¢)_ Producing key scientific documents 
©) Communicating with patients’ associations (to convey scientific results of the 
research in lay terms). 


The Chief Scientific Officer will report directly to Telethon’s Managing Director. 


He/she will operate under the supervision and in consultation with a Scientific Advisory 
Board and will submit thestrategic documents to the Board of Directors for final approval, 


The candidate will also be part of Telethon’s Managing Board, which is coordinated by the 
Managing Director and includes the Finance Director, the Fundraising Director and the 
Chief Communications Manager. 


Professional/Technical Requirements 
‘Training in a biomedical field 
International experience 
Research experience 
‘Managerial experience in industrial and/or research organizations 
Knowledge of international and national research models 
Knowledge of peer review mechanisms in funding research 
Fluency in both English and Italian 
Expertise in the development of therapies is desirable 
Managerial Requirements 
The candidate must have the ability to develop a strategic vision in the field of Telethon’s 
activity, ie, research in the field of genetic diseases, Other requirements are 
Strong interpersonal skills 
Leadership skills. 


‘The Candidate must demonstrate that he/she is willing to adhere to Telethon’s ethical 
principles and Mission. 


Please submit resume to: Dr. Angelo Maramai, amaramai®telethon it, 


Closing dates for applications is March 29, 2008, wi2ess2n 


LEo 
In vivo Pharmacologist 


We wish to sirengthen our efforts within Nephrology in our Department of Disease 
Pharmacology. 

Therefore, we are looking for an experienced in vivo pharmacologist for our Nephrology 
Research Group. By participating in the group, you can play a key role in the drug 
discovery process. 


The Nephrology Group is @ dynamic team of seven research scientists and research 
technicians, whose main responsibility is to provide proot-of-principle studies for the 
evaluation in vivo of new crug candidates for nephrology indications, including chronic 
kidney failure, 

The group is a part of the Department of Disease Pharmacology within Biological 
Research. In the Department of Disease Pharmacology, we work in a flexible and 
team-rientated manner and have state-oftheart laboratory facilities at our disposal 
The high standard of research that we provide Is achieved in close collaboration with 
leading experts from universities and CROs and by participation in key scientific 
conferences. 


Your Job 
As a highly skilled scientist, you perforin screening and characterisation of drug 
candidates in vivo in relation to our Nephrology Discovery Projects. 


You will participate in developing establishing and characterising in vivo models, and 
will validate them in relation to the diseases and targets that we focus on. Work in 
cross-disciplinary project teams and collaboration with external scientific partners, 
Including CROs and universities, will be an important aspect of the job. 


Your Qualifieations 

You: 

* are a highyy motivated and dynamic scientist with a background as DVM, MSc or 
PhD within in vivo pharmacology or @ related discipline 

* have solid experience with in vivo handling procedures, 

* have knowledge of nephrology, and preferably also inflammation research and 
immunology 

* are able to work independently, have a good graso for details, and excellent 
collaboration and communication skills within an international environment 

Previous industry experience is an advantage. 

We offer 

Unique opportunities for professional and scientific development in a dynamic, 

ambitious and informal research environment, together with a teem of dedicated 

colleagues. 

Other 

For further information, please contact Group Leader Markus Latta on +45 7226 

2296 or Head of Department Thomas Kongstad Petersen on +45 7226 2992. 

To apply, please send your application and C.V. with reference no. “51351”, to LEO 

Pharma A/S, Human Resources, Industriparken 55, DK:2750 Ballerup, no later than 


17 March 2008. 
wi2e7a 


UNIVERSITY OF AARHUS 


DENMARK S 


GRADUATE SCHOOL OF HEALTH 
SCIENCES 


PhD scholarships 


Subject to the provision of the necessary grant, the 
Graduate School of Health Sciences hereby calls 
for applications for 7 co-financed PhD scholar- 
ships available 1 June 2008 or as soon as possible 
thereafter. Applications are to be received no later 
than 7 April 2008 at 12 noon. Full details are 
available from our home page 
www.health.au.dk/forskeruddannelsen 


Application reference: 2008-218/2-37 


The University of Aarhus has 35,000 students, 8,500 staff (figure converted 
into full-time positions), and a turnover of DKK 45 billion. The University 
consists of nine main areas: sit faculties (Humanities, Health Sciences, 
Social Sciences, Theology, Science and Agricultural Sciences), two schools 
(the Aarhus School of Business and the Danish School of Education), and 
the National Environmental Research Institute. The University’s activities 


are based at more than 20 locations allover Denmark. 
wiaesrae 


nature 
physics 


Locum Associate Editor 


Nature Physics seeks a Locum Associate Editor to join its editorial team for a 
period of rine months, to cover maternity leave, 

‘Nature Physics is a prestigious journal covering all areas of research in physics. 
For mote information about the journal, see our website 
(heep://www.nacure.com/nphys). 

The ideal candidate will have completed a Ph.D. in a physics discipline, and 
postdoctoral experience is preferred (but not required). Key elements of the 
position indude the selection of manuscripts for publication, as well as 
commissioning, editing and writing for the journal. 

This is a demanding and intellectually stimulating role that calls For a keen 
interest in the practiceand communication of science, Thesuccessful candidate 
will therefore be highly motivated and must possess excellent interpersonal 
skills. 

The position will be based in our London office, 

Applicants should send a CV (induding a brief account of their research and 
other relevant experience); a research highlight in Nature Physies style (200 
words or less) ona recent relevant paper in the literature; and a brief cover letter 
explaining their interest in the post and their salary expectations. 
Applications should be sent to Denise Pitter, Personnel Assistant at 
londonrecruitment@macmillan.co.uk. Applicants should clearly mark on their 
submissions the reference number NPG/LON/829. Incomplete applications 
will not be considered. 

All candidates must demonstrate the right to live and work in the UK to be 
considered for the vacancy. 

Closing Date: Monday 31st March 2008 
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Inigsasan 


UNIVERSITY OF MINNESOTA 


Driven to 


THE RIGHT 
TIME AND PLACE 


Climate change mitigation. 
Epizoonotic disease transmission. 
Food versus fuel. Highly complex, 
global challenges have taken 
center stage in the 21st century. 
The University of Minnesota 
Institute on the Environment is 
uniquely positioned to address 
these challenges. 


Using a transdisciplinary 
approach, the Institute has 
mobilized scholars from across one 
of the nation’s most comprehensive 
universities. Top researchers from 
the natural and social sciences, 
design, engineering, law, health, 
policy and other disciplines are 
working together to identify, 
frame and solve the earth's most 
pressing issues. Because today’s 
issues demand agility, the 
Institute scholars will continue to 
rotate, creating a constant flow of 
new ideas. 


This century calls for a nation- 
wide effort on the order of a “race 
to the moon” for environmental 
solutions. With Minnesota's vast 
forests, plains, rivers and lakes as 
the backdrop, the Institute on the 
Environment is leading this effort 
by discovering solutions and 
delivering results to the region, 
the nation and the world. 


Visit environment.umn.edu 
to learn more, 


INSTITUTE ON THE 


ENVIRONMENT 


eg 


environment.umn.edu 
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THE RAMMAL AWARD 2007 
a Posen HONOURS POSTHUMOUSLY 
v Prof. DANIEL AMIT 


EUROSCIENCE's President Enric Banda announced today that, by a unanimous decision of its expert 
panel, the Rammal Award for the year 2007 will be awarded posthumously to Professor Daniel Amit, of 
Israeli and Italian citizenships, who passed away on November 3rd, 2007. 


= 


The Rammal Award, created in memory of the great Lebanese physicist Rammal Rammal (1951-1991), is 
awarded each year to an outstanding personality of strong scientific stature who, through his or her life and 
activity ina Mediterranean country (whether in fundamental or applied research, teaching, or the integration 
of knowledge), has elevated the level of scientific exchanges in this part of the world. 


Professor Daniel Amit was 69. In 1978 he was appointed Professor at Hebrew University of Jerusalem, and 
was Chairman of the Racah Institute of Physics from 1984 to 1987. In 1991, he was appointed Professor 
at the La Sapienza University of Rome. 


Daniel Amit was a high level scientist who worked at the forefronts of both elementary particle physics and 
statistical mechanics. His pioneering research on the modelling of neuronal networks had a strong impact 
on the development of computational neuroscience. He also worked tirelessly for a just and mutually 
acceptable peace between the Arab World (and in particular the Palestinian people) and Israel, especially 
through a close scientific and educational cooperation among peoples of this part of the world. 


W1264694 


Change your 
environment. Find 


jobs where you'll ; 
make adifference  Naturejobs 


If Alzheimer’s will end in my generation. 


It's hard going through life with the thought of Alzheimer’s hanging over your head. That's why for over 20 years, 
MetLife Foundation has supported research on this disease, Today, we are proud to honor Bart De Strooper, MD, PhD, 
University of Leuven and VIB Institute, Belgium; Robert Vassar, PhD, Northwestemn University, Chicago and Philip C. 
Wong, PhD, The Johns Hopkins University School of Medicine, Baltimore. They join a growing list of scientists 
searching for a cure, So that one day, Alzheimer’s won't follow in anybody's footsteps. 
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MetLife Foundation 


Aleader in finding an Alzheimer's cure 
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Registration and abstract deadline: June 1, 2008 (PEL 
Further information: http: //1SS08.epf.ch 


“If | leave I'll only encounter 
the same issues. Maybe 

worse. The grass 
is always 
greener...” 


Blueprint for an Artificial Cell 
A Summer School 


Venice May 4-17, 2007 
The European Center for Living Technology and the EU PACE 
project is organizing a Summer School dedicated to the science, 
technology and implications of artificial cells. The school is open 
to post-graduate and post-doctoral students in biology, chemistry, 
computer science, bio-engineering, and other relevant 
disciplines. The fee for participation is Euro 500,00 and includes 
2 weeks board and accomodation in Venice. 
For information and an application form visit 
ecltech.org/summerschool or write to 
summerschool@ecltech.org. 


66 


Mattias Per (CH) 
Jonathon Pes (UK) 
Feely Rade (CH) 
StenReeé US) 
any eer (5) 
Melody Sate (CH) 
Adar Trekman (UN 
‘Stphen West (UN) 


99 


Cord Brakebusch, PhD 
University of Copenhagen 


Stop making excuses and start forging yourself a 
career in science. Naturejobs will ease you out of your 
comfort zone and into a role where you'll show your 
potential. 


We've better jobs to move you up the career ladder. 
Plus regular, insightful career articles to maintain your 
momentum. 

Sign up for our job alerts and monthly newsletter as 
your first step. You'll be sent the latest career articles 


and the hottest jobs directly to your in-box. 


We're now adding more jobs than ever to our database. 
In whatever discipline, region, level or sector you want. 


Visit naturejobs.com now. You've no excuse not to. 


Naturejobs — making science work 
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nature events 


Directory 2008 
get your free digital edition! 


Events are essential for every scientist. From delegates discussing hot issues and opinion, through to 
networking and collaboration. Events provide a platform for learning and advancement. 


With a burgeoning number of events across the globe, where can you find a complete resource to ensure you attend 
the right events in 2008? 


The Natureevents Directory is published once a year and covers a complete range of scientific events, conferences and 
courses around the world. 


Plan your year ahead, go to www.natureevents.com and download the digital edition of the 2008 Natureevents 
Directory for free. 


If you are interested in advertising an event please call +44 (0)20 7014 4015 
for US please call +1 800 989 7718 or email natureevents@nature.com 


www.natureevents.com 
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From Alice to everywhere, with love 


Aleap into the unknown. 


Chaz Brenchley 


The problem was that someone had to go. 
Slowly, irrevocably, actually go. 

The aliens, when they came, were ... 
properly exotic. Difficult to see, difficult 
to understand. Their ship pulsed to inde- 
tectable rhythms; chilly computers sweated 
to find a pattern they could analyse. 

The aliens brought a machine, the great 
phase-transmitter that stands on Salisbury 
Plain. With painful caution, they explained 
its function. They demonstrated; one by 
one, they entered the machine and were 
gone. Transmitted, relocated, somewhere 
else. Other aliens would come by return; 
there would be two-way traffic. The speed 
of light is the speed of information and 
light is an idler, butthey would come. 

It would not work for humans, yet. The 
phase-transmitter needed a template to 
work from. Uncountable numbers of these 
machines were spread across the Galaxy, 
and each of them would have to examine 
a living human before it could accept one 
in transmission. 

Before humankind could take evena 
single phase-jump to the nearest station, 
someone had to go the slow way, in the 
ship. 

Alice Temple had spent her life 
immersed in the science of language: first 
as an academic, then — since the aliens 
came — as a practitioner. At the same 
time, she had raised a husband and two 
children from idiocy to independence. 
She had achieved respect within her pro- 
fession, renown outside it: and still she was 
unsatisfied. 

Not bitter, not malcontented; short- 
changed, rather, She had done the bestand 
the most that was available, and it wasn't 
enough. Ithad been too easy, Success ought 
notto bethis cheap. 

It was she who found a way to commu- 
nicate with the aliens; of course, she was 
on the panel that decided who should leave 
with them. She sat through days of inter- 
views with bright, healthy, noble young 
volunteers — and in the end, she said no. 

“No,’ she said. “Ithas to be me.” 

It had needed her to make the aliens 
comprehensible here on Earth; it would 
need her again, to make humans compre- 
hensible elsewhere. 

When the others were done arguing 
the point, they argued outside it: her age, 
her responsibilities, her entitlements. She 
might make the journey in cold-sleep, 
but it would still be 30 years at sub-light 


speeds. She could come back through the 
machine, but even so: her parents would be 
dead, her unborn grandchildren would be 
having children of their own, shed be out 
of her proper time, adrift. Better to dwell 
gracefully in her achievements, and leave 
adventure to the young ... 

It wasn't about grace, she said, nor yet 
adventure. It was necessary: to the project, 
to the planet and also to her. She needed to 
do this thing. 

She was right, and finally they confessed 
it. When the alien ship left, she was the one 
in the cryo-tank. 

She remembered being the one who 
went into the tank. Now she was the one 
coming out of it, with the deep knowledge 
in her bones of time and distance passed. 
She was still herself, this was still her body, 
but something had shifted between them. 

This place, this time was not her own or 
anything like it. Just a terminal, a switch- 
ing-place, a depot on a cold moon: there 
was a phase-transmitter constantly busy 
and aspaceport too, just as busy. Only liv- 
ing matter could go through the machine. 
Everything else must be carried, by old- 
school traders prepared to spend lifetimes 
in cold-sleep between brief spells ashore. 

‘They took her to the machine, andit... 
engulfed her. She felt its slow and intimate 
examination likea reverse ofthe cryo-tank, 
endless awareness of going nowhere. 

Once ithad what it needed, it gave her 
back to herself; they said she could go 
home. Immediately, if she cared to: be the 
first human to pass this way, through the 
phase-transmitter to Earth, 

“And then what?” she asked. 

Why, then humans could transport 
here, at light-speed at last; and the young, 
the vigorous, the bold could go onward in 
ships to open up new routes to other plan- 
ets, other vistas... 

“What for me?” she said. “IfI go home?” 

‘They couldn't answer that, but she could. 


A little brief celebrity and a resumed life- 
time of disappointment, of feeling that 
there should have been something more. 

Thealternative, of course, was to go on. 
Someone else could carry the message, 
that this portal was open to humans now. 
Before anyone arrived she could be well 
on her way to the next, beating a trail for- 
wards, 

But oh, this was a slow way to the stars, 
eked out, one body, one gateway at a 
time ... 

She mused, she argued with herself; at 
last, she asked more questions. 

Yes, they said, the portal couldbe recon- 
figured, looped around to send its message 
to itself; but ... 

‘Yes, they said, the data stream could be 
divided, to make two copies of the same 
individual; but ... 

But, they said, catching on at last, the 
process would be lossy. Neither one ofher 
would be what she was now. Not so sharp, 
notso vibrant. Less Alice. 

Yes, they said, the iterations would 
still be perfectly good templates for the 
machines, 

Yes, they said, if the beam could be split 
once, it could besplit a dozen times. 

But... 

The next dozen cargo-ships to leaveeach 
carried a passenger. Like a starburst, Alice 
sent herself to a dozen other portals; and 
then again, a dozen each from those. And 
so on and on, fading and multiplying, slic- 
ing herself thinner and thinner until there 
‘was not enough Alice left to sustain a living 
body. Five billion living bodies. 

It wasn't really humankind that flung 
outward to the stars. It was Alice. . 
Chaz Brenchley has been a professional 
writer since he was 18, working mostly in 
crime, horror, fantasy and science fiction. 
He claims to live down the dirty end of 
genre fiction. In fact, he lives in Newcastle 
upon Tyne. 
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TrueORF 


for tagged protein expression 


TrueORF enables the expression of the encoded transcript as a 
C-terminally tagged protein with Myc and FLAG® epitopes, facilitating 
multiple applications that utilize an anti-tag antibody, such as 
protein detection, protein purification, subcellular localization, etc. 


Genome-wide coverage 

Sequence verified and guaranteed 

The C-terminal dual tag of Myc and FLAG? 

Transfection-ready: Provided as 10 ug of purified plasmid 

Easy shuttling into 20 tagged vectors using PrecisionShuttle™ system 


FLAG®isareqistered trade mark of Sigma-Aldrich 
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Demand more from your plasmid purification method—and get more with PureLink™ HiPure kits from Invitrogen. 
4 Purelink™ HiPure plasmid purification kits provide significantly higher yields, more effective lysate filtration, and higher final 
; concentrations—all ata substantially lower cost. These kits also produce low-endotoxin DNA (see figure) so no matter the application, 

3 : | | | | | | | you can counton getting the plasmid you need. Every time. Just another way that Invitrogen is giving you real solutions to the problems 
seosos | ersenssa YOU face every day. Get your FREE PureLink™ HiPure Plasmid Midiprep and Maxiprep Starter Kits at www.invitrogen.com/napsample. 
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